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Introduction
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Relevance
In 2005 of all Dutch children conceived, around one in 40 originat-
ed from artificial reproductive techniques (ART). The main reason 
for using ART to procreate is obvious: infertility does not allow and 
subfertility hampers natural conception. The causes of hampered 
fertility are numerous and can stem from either the female, the male 
or both. In case of male sub- and infertility there is evidence that 
sperm contains an increased level of DNA lesions and a higher inci-
dence of aberrant chromatin conformations. 
Research presented in this thesis is aimed at investigating the pater-
nal contribution to the zygote, particularly the chromatin composi-
tion of the nucleus and the incidence of double strand DNA breaks 
and their interaction with maternally driven chromatin remodel-
ing and DNA repair. Therefore a division between the transmis-
sion of sperm chromatin and the transmission of DNA breaks has 
been made in this thesis. Part of our work was focused on effects of 
sperm DNA damage on long term genomic stability.
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We all were zygotes once. Just prior to this state we could be traced 
back to two gametes, an oocyte and a spermatozoon, which were 
produced by our parents, who were also zygotes once. Sexually re-
productive organisms form germ cells that fuse and give rise to a 
newborn, which will in turn produce germ cells. This repetitive cy-
cle ensures our existence, as a species, through time (Fig. 1). 
Gametogenesis results in production of oocytes (upper left) or 
sperm (upper right). Fusion of these gametes yields a 1-cell embryo, 
the zygote. During most of the first cell cycle the parental pronuclei 
remain separate. Fusion of the genomes occurs after chromosome 
condensation. During pre-implantation development successive 
cleavage divisions occur. Eventually, after implantation and gesta-
tion, a newborn is produced. Depending on the sex of the newborn 
it will produce oocytes or sperm.
Figure 1 Perennial propagation of genomes
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Section 1.1 Male germ line
In the male gonad, the testis, a continues production of sperm takes 
place. Spermatogenesis, the differentiation and maturation process 
by which stem cell spermatogonia eventually yield sperm, can be 
divided in three distinct phases: i) mitotic proliferation, ii) meiosis 
iii) spermiogenesis (Fig. 2A). In mice the time between the first dif-
ferentiation step of a spermatogonia until the release of the sperm 
into the lumen of the seminiferous tubules is approximately 34.5 
days1. Constant proliferation of germ cells for continuity of sper-
matogenesis is provided by the first part. After a final round of 
DNA replication primary spermatocytes enter into meiosis. During 
meiosis reciprocal exchange of genetic material between the paren-
tal homologs takes place, after which two subsequent divisions oc-
cur (Fig. 2B). The first division reduces the ploidy of the germ cell, 
which is necessary to cope with ploidy doubling at fertilization, and 
yields two secondary spermatocytes each containing a haploid set 
of chromosomes consisting of two chromatids. The second divi-
sion is mechanistically mitotic and separates the homologous sis-
ter chromatids. Eventually each germ cell that enters and survives 
meiosis gives rise to four haploid spermatids that subsequently start 
spermiogenesis, during which nuclear and cytoplasmic changes are 
established. 
Meiosis
Meiosis in the male mouse has an approximate duration of 300 
hours. During these 12 days the parental chromosomes recombine 
and the reduction of ploidy takes place. Recombination between the 
homologous chromosomes is facilitated by the synaptonemal com-
plex (SC), a proteinaceous structure that is assembled in between 
the homologous chromosomes2, 3 (Fig. 2C). The SC functions as a 
platform for recombination nodules, which are protein complexes 
involved in the repair of meiotic double strand breaks leading to re-
combination. They consist of proteins connected with homologous 
recombination (HR) and mismatch repair (MMR)4, 5. 
Synapsis of chromosomes is primarily based on DNA sequence ho-
mology. The heteromorphic sex chromosomes of the male germ 
cell  exhibit homologous synapsis in the pseudo autosomal region 
(PAR), where sequence homology is conserved only. In the labora-
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tory mouse this region is around 0.7 Megabase (Mb)6 while the X 
and Y chromosome contain around 165 and 60 Mb respectively. 
After  assembly of the SCs of autosomal bivalents, the sex chromo-
somes become temporarily synapsed over a greater distance than the 
PAR. This heterologous synapsis can extend to 70% of the length of 
the Y chromosome. An incomplete SC is observed in this domain 
and as meiosis progresses the incomplete SC disassembles, though a 
fully assembled SC remains present at the PAR, where recombina-
tion will occur. The analysis of prophase I in mice carrying chro-
mosomal translocations revealed that non-homologous sequences 
are sometimes able to synapse. In this situation the formation of 
a complete SC occurs through synaptic adjustment. Study of this 
phenomenon in the T70H/T1WA translocation mouse (described in 
section 2.1) clearly showed a positive effect of the quantity of sur-
rounding homologous sequences on heterologous synapsis of inter-
spliced domains7, 8. 
To study meiotic progression in detail, the morphology of the SC 
is a valuable tool to determine first meiosis  prophase sub stages. 
Prophase of meiosis I is divided in four phases characterized by the 
preparation for and appearance, presence and disappearance of the 
SC (Fig. 2C). Staining of SC proteins therefore is frequently used to 
determine the classical first meiotic prophase sub-stages of a prima-
ry meiocyte, namely leptotene, zygotene pachytene and diplotene.
 
MSUD/MSUC/MSCI
Meiotic pairing, hence synapsis of chromosomes is based on se-
quence homology. In several phyla mechanisms have evolved that 
check pairing and inactivate chromatin domains or specific DNA 
sequences. This type of quality assurance mechanism has as a com-
mon denominator: it is triggered by perturbations of the alignment 
of “homologous” DNA. In mammals (human and mouse) and nem-
atodes (Caenorhabditis elegans), this control mechanism is referred to 
as Meiotic Silencing of Unpaired Chromatin or MSUC. MSUC in-
duces silencing at a transcriptional level11, 12. In mammals MSUC is 
thought to hamper meiotic differentiation by termination of gene 
transcription, eventually resulting in apoptosis12. Through the action 
of MSUC germ cells with an aberrant chromosomal constitution in 
principle can be removed on basis of failure of synapsis, although 
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Figure 2 Overview of spermatogenesis, meiosis and prophase I
A. Schematic representation of spermatogenesis (mouse), which encom-
passes mitotic proliferation and differentiation of spermatogonia (SG), a 
final round of replication (pre-L), meiosis and spermiogenesis.  Meiosis 
is indicated in the box and comprises the stages leptotene (L), zygotene 
(Z), pachytene (P), diplotene (D) and the meiotic divisions (MI/MII). 
Spermiogenesis is divided in 16 stages, based on the formation of the 
acrosome. A total of twelve differently composed germ cell populations 
in seminiferous tubules can be observed (roman numerals).   is adapted 
from 9.
B. Pairing, recombination and subsequent cell divisions during meiosis. 
Figure adapted from10.
C. The meiotic sub stages of prophase I coincide with the status of the 
synaptonemal complex. Figure adapted from10.
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through the existence of germ cells as symplasts, this could be cir-
cumvented in individual cases. This control mechanism is bypassed 
when heterologous synapsis is achieved7, 13, 14.
In nematodes, MSUC also inactivates transcription of unsynapsed 
domains but does not always induce apoptosis. Other differences 
between mammalian and nematode MSUC show the two mecha-
nisms to be distinct but with some striking similarities12. 
A different meiotic defense mechanism is functional in the slime 
mold Neurospora crassa. This organism, like mammals and nematodes, 
silences DNA sequences that remain unpaired. However, identical 
but paired DNA sequences are also silenced 15. Silencing in N. crassa 
is a post transcriptional phenomenon and its strategy (termed Mei-
otic Silencing of Unpaired DNA, MSUD) is therefore functionally 
different from MSUC. Because MSUD can detect abnormalities at 
the level of DNA pairing it is able to silence specific DNA sequenc-
es such as transposons. Such a mechanism is irreconcilable with the 
structural variety found in individual mouse and human genomes16. 
MSUC detects abnormalities at the level of chromosome synapsis. 
Since heterologous synapsis in mammalian meiosis can extend over 
many megabases8, it is more likely a defense against aneuploid gam-
etes that could arise from asynapsis or early desynapsis17. 
MSUC would be a priori incompatible with the mammalian male 
karyotype, in which two highly non-homologous sex chromosomes 
are present, if adaptation had not occurred. Already in 1898 a dense 
chromatin mass in the nuclei of mammalian spermatocytes was de-
scribed18. Further study showed that this chromatin mass contained 
the sex chromosomes19. It appeared that during the zygotene–pachy-
tene transition (Fig. 1) the sex chromosomes form a chromatin do-
main that becomes excluded from autosomal chromatin. After the 
formation of the XY body, XY-linked transcription ceases. This 
process has been termed Meiotic Sex Chromosome Inactivation 
(MSCI) and was described prior to MSUD and MSUC11. MSCI 
and MSUC seem to be the result of an identical molecular cascade: 
the multitask tumor suppressor protein BRCA1 localizes to unsyn-
apsed regions and attracts the PI3 kinase-like kinase ATR, which 
in turn phosphorylates histone H2AX20 (BOX 2). Several proteins 
and post translational histone modifications (BOX 1) have been de-
scribed that are enriched in MSUC-subjected domains as well as in 
Box 1. Chromatin
The DNA in a cell nucleus is tightly associated with numerous pro-
teins that assist its organization, safeguard its integrity, regulate its 
accessibility, and facilitate its replication. This DNA-protein amal-
gam is termed chromatin and its composition is heterogeneous and 
dynamic25-27. The basic recurring chromatin structure and building 
block is the well defined nucleosome28, 29. 
 
The nucleosome harbours a protein complex consisting of four 
different histone proteins (H2A, H2B, H3 and H4) that are each 
present twice. Approximately 150 base pairs are folded around this 
protein complex. Initially the general idea was that the nucleosome 
solely fulfils an organizing role. The discovery that the nucleosomal 
conformation is transcriptionally repressive changed this idea, ap-
parently the nucleosome not only organizes the DNA but also influ-
ences gene transcription. Research of the last two decades showed 
that the nucleosome is a crucial player in all cellular processes in 
which nuclear DNA takes part30, 31. 
 
The main mechanisms by which the nucleosome influences DNA-
related processes are the blocking of targeting sequences and the 
binding of transcriptional regulators. Both ways of influencing 
DNA-related processes have their own actors: covering or disclo-
sure of a DNA sequence is facilitated by the ATP-dependent chro-
matin remodeling machinery32-35, whereas binding sites are formed 
by histone modifying complexes36, 37.
  
Specific amino acids in proteins can be modified by covalent at-
tachment of small groups (acetyl, phosphoryl, methyl) or peptides 
(ubiquitin, Sumo, Ned). Their attachment to histones can create 
binding sites for other proteins or change physical properties of the 
nucleosome. The effect of a modification that will prevail is dictated 
by its chromatin-context38-42. These modifications add another layer 
of possibilities to fine-tune the molecular machinery implicated in 
DNA function regulation. 
The research aimed at elucidating the function of histone modifica-
tions has yielded appreciable understanding of the impact of several 
modifications in a context and organism specific way. It has lead to 
the proposal of the “histone code hypothesis” which states that a 
certain combination of histone modifications will induce a certain 
action43, 44. Proceeding scientific work indicates that the strictness of 
the term “code” seems less appropriate than initially thought39, 40.
While the post-translational modifications mostly decorate the out-
side of the nucleosome, interior nucleosome-alterations are facilitat-
ed by the existence of histone variants45-47. The differences between 
subtypes can be significant or limited to a few amino acid changes. 
Assembly of a nucleosome with one of these histone variants can 
change the physical structure of the nucleosome, reflected by the 
strength by which it binds the DNA, the stability of the nucleosome 
structure and the rigidity of the chromatin polymer. Also potential 
modification sites can be added, all depending on which variant is 
incorporated.
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the XY body12. Although the molecular mechanisms behind MSUC 
and MSCI seem highly similar if not identical, they aim at opposite 
goals. MSUC will induce elimination of meiocytes containing seg-
ments of unsynapsed chromatin while MSCI is an absolute necessity 
for male meiosis13, 14, 21, 22. MSCI is solely part of mammalian male 
meiosis while MSUC functions in meiosis of both sexes12, 23. 
At least one clear difference between MSUC occurring in female 
meiosis and MSCI exists: during female meiosis unsynapsed and 
subsequently silenced chromatin is not compartmentalized as the 
XY body is during male meiosis. 
Possibly the molecular action of MSUC/MSCI is diffuse and can 
affect transcription of surrounding synapsed chromatin. If so this 
will contribute to demise of wrongfully synapsed primary oocytes 
but it will be intolerable for normal MSCI-undergoing spermato-
cytes. Formation of a separate chromatin domain to which MSCI is 
confined could overcome this. MSCI might be a compartmentalized 
form of MSUC to which the spermatocyte has adapted24.
Spermiogenesis 
After reduction of ploidy during meiosis, the germ cell enters sper-
miogenesis, a phase of morphological differentiation and matura-
tion, which eventually renders the sperm. During this last phase of 
spermatogenesis a nuclear overhaul takes place, eventually replac-
ing nucleosomes (BOX 1) by protamines48. Prior to their removal 
the nucleosomes become hyperacetylated, which lowers the degree 
of nucleosomal compaction and the strength of the DNA-histone 
interaction. Likely, histone hyperacetylation facilitates nucleosome 
removal during spermiogenesis48. During nuclear elongation of the 
spermatid the nucleosomes are gradually replaced by Transition 
Protein 1 and 2 (TPs), which in turn are subsequently replaced by 
protamines48, 49.
The morphology of the spermatid nucleus and the acrosome (a Gol-
gi-like structure that forms anterior of the sperm nucleus) are used 
to classify the stage of seminiferous tubules. In the mouse a total of 
16 distinct types of spermatid nuclear morphology exist. The first 
eight and last four stages have an overlapping presence in the semi-
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niferous tubules (Fig. 2A). Spermatogenesis is therefore subdivided 
in 12 stages (usually numbered in roman numerals). Since spermato-
genesis is a continuous process, every seminiferous tubule at any 
stage will in time also contain all progenitor stages (Fig. 2A).
The hallmark of sperm chromatin is the packing of DNA with prot-
amines.  Protamines were discovered more than a century ago50 and 
although the precise packing of the DNA in the sperm nucleus is 
not conclusively established, a generally accepted congruent model 
exists. Protamines are relatively small proteins with a high arginine 
content, which renders them positively charged. The current model 
proposes that the central polyarginine stretch in the protamine pro-
tein binds the minor groove of the DNA helix, thereby neutralizing 
the negative charge of the DNA51. The presence of several cysteine 
residues allows formation of inter- and intra-protamine disulfide 
bridges51. Since DNA looses its supercoil at the nucleosome to prot-
amine transition, arrays of the DNA-protamine polymer can stack 
on top of each other. The basic unit of nucleoprotamine is a single 
toroid structure (donut) that contains 50 kb. An estimated 100-200 
of these toroids are grouped together in a globular structure of 500 
nm. The 500 nm structures are grouped by two, resulting in a 1000 
nm structure52-54. 
The protamine-DNA polymer serves multiple functions. The re-
duction in size of the sperm nucleus enables the formation of its 
hydrodynamic shape, facilitating the journey through the repro-
ductive tract. Furthermore, the highly compacted DNA-protamine 
structure renders sperm radioresistant55 and makes it less susceptible 
to other DNA damaging agents like reactive oxygen species. The 
downside of this streamlined state is the overall shutdown of ge-
nomic repair mechanisms after protamine-induced compaction (at 
stage XII of spermatogenesis, some 2 weeks prior to ejaculation), 
as the gain in compaction results in loss of DNA accessibility56, 57. 
DNA repair mechanisms engaged in genome maintenance prior to 
this moment mainly encompass BER while the status of NER is 
under debate (BOX 3) 58-60.
DNA lesions left unrepaired or acquired during this repair deprived 
state can be deemed as premutational lesions which are transferred 
to the zygote upon gamete fusion61.
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Similarities and differences in the sperm nuclei of mice and 
man
The blueprint of the nuclear anatomy of mouse and human sperm is 
quite similar. In both species the telomeres are positioned in the pe-
riphery of the nucleus whereas the centromeres are contained in the 
centre62-64. In the human the 1000 nm nucleoprotamine fibre travels 
from the telomere on one side of the chromosome to the centro-
mere and folds back 180°, aligning the fibre of the two arms53. In 
both species individual chromosomes have a favoured intranuclear 
position53, 64, 65. 
The major difference chromatin-wise, is the degree of protamina-
tion. Human sperm stands out in the high amount of nucleosomal 
DNA when compared to other mammals. An estimated 15% of the 
genome is contained in a nucleosomal configuration in human sperm 
whereas this is in the range of 1% for boar, bull and rodents66-68. 
Especially structural domains such as centromeres and telomeres 
retain a nucleosomal conformation69-71. In addition also retroposon 
and repeat sequences show higher concentrations of nucleosomal 
DNA. Some studies have assessed the variation in chromatin con-
formation (nucleosomal or nucleoprotamine) for specific DNA se-
quences in human sperm. This appeared to be strikingly small, not 
only in sperm of one individual but also in sperm of more individu-
als70, 71. 
These data suggest that protamination of the genome is a coordi-
nated process. It is likely that this sequence specific packaging of 
the genome facilitates the formation of the sperm nucleus, or, if it 
has a crucial role post sperm penetration, is at least compatible with 
its formation. Analysis of histone modifications present in human 
sperm identified acetylated isoforms of histone H466. The relevance 
of these modifications is unknown. They could be a mere leftover 
from the hyperacetylation occurring during spermiogenesis but it is 
tempting to speculate that these modified nucleosomes are instru-
mental in the transition of the sperm nucleus after gamete fusion. In 
mouse sperm, modified nucleosomes are also present. The nucleo-
somal chromatin fraction is concentrated in the chromocentre and 
specific histone modifications are retained in this region (H4K8ac 
and H4K12ac)72. Possibly this could underlie the rapid decondensa-
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tion of the chromocentre after gamete fusion73. 
Common abnormalities in sperm of sub-fertile males
Transgenic mice harboring an avian protamine (Prm) transgene 
have less compacted chromatin due to an altered chromatin con-
figuration. However, these alterations do not disrupt pronucleus 
formation and preimplantation development74. These early findings 
already demonstrated the subtlety of chromatin compaction during 
spermiogenesis and the generation of protamine deficient mouse 
models confirmed that mouse spermiogenesis is sensitive for altera-
tions of protamine ratios 75. Heterozygosity for either one of the 
Prm1 or Prm2 genes results in a total reproductive block75 and the 
haploinsufficiency correlated with sperm DNA damage 76. Preim-
plantation embryos derived from Protamine 2 deficient sperm after 
ICSI showed a developmental block. Due to fragmentation of the 
paternal genome, only a few were able to develop to the blastocyst 
stage 76. In man, research on the relation between spermiogenesis 
and infertility has been performed [reviewed in 77]. In 1988, the first 
description of altered protamine ratio’s in infertile patients with ab-
normal seminal parameters was reported 78. Increased histone con-
tent coincides with abnormal protamine ratios79 and is often caused 
by reduced levels of protamine 2. Sperm selected for normal mor-
phology and mobility, derived from oligozoo- and asthenozoosper-
mic semen samples, retained altered protamine ratios 80. Reduced 
DNA integrity in human sperm with protamine abnormalities con-
firms the protective role of properly structured sperm chromatine 
for the genetic integrity of the male gamete81, 82 and developmental 
potential after gamete fusion 83, 84.
Mice partially defective for transition nuclear proteins (TP) 1 and 
2 showed a progressive decline in sperm nuclear quality with epi-
didymal passage 85. Chromosomes at first cleavage division derived 
from TP hampered cauda epididymal sperm showed an increased 
frequency of chromosome abnormalities further demonstrating 
that altered spermiogenesis results in an increase of DNA damaged 
sperm 85. The decline of sperm quality of these mice was shown to 
occur in the journey between testis and cauda epididymis 85, a re-
sult that was also obtained when using oligospermic carriers of two 
semi-identical reciprocal translocations in the mouse 86. Intriguing-
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ly, in contrast to the testicular milieu, the epididymal environment 
is not considered to be hypo-oxygenated87, 88 warranting interaction 
with reactive oxygen species. Recently, a similar decline in DNA 
integrity (i.e. reduced integrity at a more distal site of retrieval) has 
been observed in man 89.
The etiology of especially human sperm DNA damage is not fully 
elucidated. Eminently, a correlation with infertility, poor embryo 
quality and reduced pregnancy rates has been observed [reviewed 
in 90-92]. Many assays measuring aspects of sperm chromatin and/or 
DNA integrity exist. The hallmark of these assays, as is clear from 
their descriptions (BOX 2), is their qualitative and/or population 
based nature.
Gamete fusion and everything after
After cytoplasmic fusion of the two highly specialized gametes, the 
parental chromosomes stay physically separated. Chromatin fusion 
follows after nuclear “syngamy”, at the first cleavage division 93, 94 
(a real syngamy does not occur as nuclear envelopes do not fuse 
but dissolve in one mitotic spindle). The term zygote denotes the 
cytoplasmic fusion of spermatozoon and oocyte and has distinctive 
biological differences with a preimplantation embryo 95 although the 
term 1-cell embryo is commonly used. During the 16-18 hours (in 
mouse) between cytoplasmic and nuclear fusion, much of the pro-
cesses that take place serve the purpose to coalesce the two fused 
gametes into a totipotent 2-cell embryo. For the former sperm nu-
cleus, this mainly concerns chromatin related processes whereas the 
former oocyte undergoes nuclear and cytoplasmic changes.
Chromatin remodeling at the absolute beginning
Immediately after fusion of the two gametes the transformation of 
the highly differentiated sperm nucleus begins. The protamines are 
removed and maternally derived histones are deposited onto the 
DNA 73, 93, 94, 96. The precise mechanism by which protamines are 
removed is unclear. Reduction of the disulfide bridges of the prot-
amines is facilitated by reduced glutathione (GSH) which becomes 
enriched in the ooplasm during oocyte maturation93, 94. Inhibition 
of the reducing power of glutathione disables decondensation of the 
sperm nucleus93. 
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Chromatin remodeling after gamete fusion has been intensely stud-
ied in the African claw frog Xenopus laevis. The most abundant nu-
clear protein present in Xenopus eggs is Nucleoplasmin (Npm2)97. 
This protein is able to bind sperm specific histones present in frog 
sperm, hence facilitates the decondensation of the sperm nucleus. 
This function has not been conserved for Npm2 in mouse, likely 
due to the loss of a specific region (A1 tract) in the N-terminus. 
However, the presence of such a domain in Npm3 suggests that this 
protein might be involved in protamine removal and histone deposi-
tion. There are indeed indications that this is the case. Preliminary 
work showed that combined knock down of Npm3 and Nap1 in 
the zygote results in a failure to load histones on the decondensed 
DNA98.
Work on the Drosophila sesame-mutant identified a critical role for 
HirA protein in early paternal chromatin maturation. HirA is a his-
tone H3.3•H4 specific chaperone  that loads this heterodimer onto 
the paternal DNA, an essential process in reconstituting paternal 
chromatin 99. In the mouse zygote, HirA localizes in the decondens-
ing sperm nucleus73 suggesting an equivalent mechanism. 
Protamine removal after gamete fusion is a swift process. At initial 
decondensation protamines are lost from sperm DNA suggesting 
this to be a necessity to enable decondensation. This fits the current 
model for the DNA-protamine polymer51. Concurrent with prot-
amine removal, DNA is repacked in histones to uphold a chroma-
tin state capable of protecting the DNA fibre 73. During finaliza-
tion of meiosis II, male chromatin morphology is reminiscent of 
the sperm nucleus: a spherical domain that lacks characteristics of 
a true nucleus such as the nuclear envelope or nucleolus-like struc-
tures. It is approximately three hours after gamete fusion that the 
male pronucleus (PN) is formed, which has a nuclear envelope and 
contains non-functional, nucleolus-like structures73, 100. The absence 
of a nuclear envelope around paternal chromatin does not hamper 
chromatin related processes such as double strand break recogni-
tion or post translational modification of histones73, 101. Moreover, 
it is already during this phase that differential maturation of eu-
chromatin versus heterochromatin takes place. In the decondensed 
sperm chromatin, components of the Polycomb Repressor Complex 
BOX 2. Sperm Assays
Nuclear proteins
CMA3
Chromomycin A3 is a compound that binds to DNA in competi-
tion with protamines. Hence, increased CMA3 binding, measured 
by fluorescence, indirectly relates to the amount of DNA bound 
protamines. 
Aniline blue
A dye that stains histones measuring the degree of residual nucleo-
somes in sperm
Protamine PAGE
Normally fulfilled spermiogenesis results in a fixed ratio between 
Prm1 and Prm2. Nuclear proteins are isolated from sperm nuclei 
and separated by polyacrylamide gel electrophoresis (PAGE), which 
allows for direct quantification of both protamine proteins and the 
“P1/P2 ratio”.
Thiol measurement
Testicular and caput epididymal sperm is fully matured on a protein 
level. However, during epididymal transfer free thiol (SH) groups 
in protamines oxidize and form disulphide bridges. This cross-
linked state is sturdier and provides better protection for the DNA 
it enwraps. Hampered protamine cross-linking can be measured by 
compounds that react with SH groups, like monobromobimane, and 
provide insight in protamine cross-linking.
DNA damage
SCE
Single Cell Electrophoresis (the Comet Assay) uses the negative 
charge of DNA to extract small fragments from the nucleus by 
means of an electric current. After staining the DNA with a fluores-
cent dye, the fluorescence outside of the nucleus (the comet tail) is 
measured, giving an arbitrary value of the amount of DNA damage. 
The neutral variant measures the degree of double strand breaks 
(DSBs), the alkali variant also includes single strand breaks and al-
kali-labile sites.
TUNEL
Terminal deoxynucleotidyl transferase-mediated dUTP nick end-la-
beling, is based on the enzymatic addition of fluorescently labelled 
nucleotides (dUTPs) by the enzyme TdT (Terminal deoxynucleo-
tidyl Transferase) to accessible 3’-OH groups of DNA ends. The 
measured fluorescence results from DNA ends, or fragments (rep-
resenting DSBs) but also from single strand breaks. TUNEL has 
been developed in the apoptosis field (DSBs in abundance) and its 
sensitivity is entirely inadequate for measuring lower amounts of 
DSBs per nucleus.
SCSA
Sperm Chromatin Structure Assay, is based on the metachromat-
ic DNA dye Acridine Orange (AO), which fluoresces green when 
bound to double stranded DNA and red when bound to single 
stranded DNA and RNA. In SCSA sperm is treated with low pH to 
denature DNA at the sites of DNA strand breaks, followed by AO 
staining and fluorescent flow cytometry. The ratio of red and green 
fluorescence per sperm cell estimates sperm DNA damage and is, 
on a population basis, indicated by the DFI, or DNA fragmentation 
index.
SCD
The Sperm Chromatin Dispersion test, also referred to as Halo-
sperm kit, is based upon the principle that normal sperm nuclei after 
acid denaturation and protein removal, form dispersed DNA loops 
that extend from the nucleus. Such DNA loops, or halos, do not 
form in sperm with high amounts of DNA damage.
DBD-FISH
DNA Breakage Detection-FISH. DNA of sperm nuclei trapped in 
agarose are denatured in an alkaline solution, deproteinized and de-
hydrated. Areas of single-stranded DNA are generated by the alka-
line solution in proportion to the degree of DNA strand breakage. 
These then act as targets for FISH. Measurement of the amount and 
surface area of FISH signals provides information on the breakage 
level in probed areas.
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1 (PRC1) localize to the DAPI bright “heterochromatic” chromo-
centre. During PN formation these proteins remain localized on the 
rim of the nucleolar-like structure where satellite DNA resides102.
Histone modifications present in paternal chromatin either stem 
from sperm derived (transmitted) nucleosomes or from the oo-
plasm. The latter origin is by far the most prominent one, since a 
minute quantity of nucleosomes remains in mouse sperm at chro-
matin remodeling during spermiogenesis. Detailed analysis of his-
tone modifications present in paternal chromatin just after gamete 
fusion showed that transmission of modified histones does occur, 
especially in the nucleosome rich chromocentre72. In humans, the 
quantity and therefore the potential of an epigenetic message in pa-
ternally inherited nucleosomal chromatin is much greater. 
With the exception of mono-methylated histone H3K4 and H4K20, 
no methylated histone residues have been detected in paternal chro-
matin during zygotic G1. The hypomethylation of the histones is 
contrasted by their hyperacetylated state72, 73, 96. This probably is a re-
flection of the volatile character of histone acetylation and the stable 
nature, thus long-lasting effect, of lysine methylation39, 40. During 
S-phase the paternal chromatin acquires H3K27 methylation and 
dimethylated H3K9, but at the end of the first cell cycle asymmetry 
still exists for trimethylated histone H3K9 and H4K20 103, 104. These 
are trademarks of static somatic heterochromatin and therefore like-
ly withheld from paternal chromatin, as part of its reprogramming. 
Added to this epigenetic parental asymmetry is the active removal 
of CpG methyl groups from sperm derived DNA during zygotic G1 
and S-phase. Maternal DNA methylation is passively lost through 
subsequent cell divisions, due to absence of maintenance meth-
yltransferases. The demethylation of the paternal genome is not 
complete, the modification remains present in heterochromatic re-
gions103, 105 and some paternally imprinted loci106. In parthenogenetic 
zygotes whith two maternally derived PNs (or gynogenones), active 
demethylation does not occur107. Likely the chromatin composition 
of the paternal chromatin is permissive for this process. Recently a 
protein, (Dpc7/Stella) functioning in the protection of the maternal 
genome and some paternal sequences against active demethylation, 
was identified. Dpc7/Stella is present in both PNs, so apparently 
other factors are also involved108. 
After injection of round spermatids, which have a nucleosomal con-
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stitution, into oocytes, deviating methylation patterns are observed 
at the PN stage109. Intriguingly, paternal demethylation takes place, 
but during DNA replication methylation reappears. When elongat-
ed spermatids are injected the same phenomenon is observed al-
though less severe109. In addition, mouse pre-implantation embryos 
obtained from round spermatid injection show altered transcription 
levels110, 111.
Since both spermatid types contain modified nucleosomes, it is 
impossible to allot the deviating maternal processing to either nu-
cleosomal chromatin or specific modifications. However, it clearly 
shows that the chromatin composition of sperm can affect its pro-
cessing after gamete fusion. Sperm from sub-fertile human males 
have a deviating nucleosome/protamine ratio79, 112. The possibility, 
that transmission of paternal DNA sequences in a deviant chro-
matin configuration elicit epigenetic alterations in the early zygote 
and beyond, exists. The risk for such an event might be elevated 
when round spermatids that by definition have not properly remod-
eled their chromatin, are used. By extrapolation sperm obtained via 
TESE (Testicular Sperm Extraction), could also belong to this cat-
egory. Unfortunately, the possible risks and consequences of aber-
rant paternal chromatin for development are unknown as scientific 
insight is lagging behind on clinical application. 
Transcription at the absolute beginning
In mouse, transcriptional activation of the zygotic genome (ZGA) 
occurs during the first round of replication, approximately 9 hours 
after gamete fusion. Detailed RNA expression profiling of zygotic 
transcription confirmed that nascent transcripts are not translat-
ed113. This does not seem to stem from a global impairment of the 
spliceosome but could be a consequence of the aberrant nature of 
zygotic transcripts113, 114. Possibly this is a result of the absence of 
component(s) of the transcriptional machinery, which could lead 
to premature or delayed terminatation of zygotic transcripts113. The 
function of this mute zygotic transcription is possibly to serve as a 
preparation of the chromatin template for future transcription115. 
This is not unlikely since during more than two weeks of spermatid 
and sperm maturation, the transcription machinery does not access 
paternal chromatin. During the larger part of this period most of 
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the DNA was in the uniform nucleoprotamine conformation. 
Zygotic transcription levels, as determined by BrUTP incorporation, 
are around 4 to 5 times higher in the male PN than in the female. 
This is largely attributed to a higher concentration of transcription 
factors and higher levels of histone acetylation in the paternal PN116. 
A correlation between the latter and unequal parental transcriptional 
activity is suggested since equalization of histone acetylation levels 
also equalizes transcription levels117. Protein-yielding transcription 
commences during the 2-cell stage. Analysis of its transcriptome 
showed the selective activation of genes involved in processes like 
RNA processing and gene transcription113, 118-120. This early “sense of 
purpose” can be illustrated by the protein transcription intermedi-
ate factor 1α (Tif-α), which enters the zygotic PNs during S-phase 
and co-localizes with BrUTP uptake. Knock down or inhibition of 
Tif1α results predominantly in an early cleavage stage (2, 3 and 4-
cell) arrest and appeared to be the result of deregulation of a specific 
group of genes rather than a general defect on transcription121. 
The onset of embryonic transcription is solely driven by maternally 
derived factors, which initiate the first transcriptional wave by a “zy-
gotic clock” 118. Inhibition of DNA replication does neither affect 
timing of initiation nor the overall composition of the early zygotic 
transcriptome. This suggests that the replication machinery is not 
necessary for the transcription machinery to access the majority of 
genes118.
Maternal effect genes and zygotic DNA repair
The zygote predominantly thrives on maternally derived proteins 
and mRNA which, during early development, are eventually replaced 
by embryonic ones. 115. Maternal supplies allow first developmental 
steps to occur without full transcriptional activation of embryonic 
genes. Genes encoding factors stored in the oocyte that are neces-
sary for development are termed maternal effect genes. Absence of 
such maternal factors is detrimental for the embryo and cannot be 
overcome by transcription of the paternal gene. Embryonic lethality 
of homozygous null mutations hinders the identification of mater-
nal effect genes as nullizygous germ cells cannot be obtained. A 
clear example is Brg1, the ATPase subunit of Swi/Snf chromatin 
remodeling complex. The nullizygous mouse is embryonic lethal. 
27
However, a conditional knock-out mouse that generates oocytes 
lacking Brg1, enables the functional study of Brg1 during oogen-
esis and early embryogenesis122. Loss of Brg1 does not affect oocyte 
generation but is essential for early transcription activation. Oocytes 
lacking Brg1, fertilized with wild-type sperm, arrested at the 2-cell 
stage, an archetypical phenotype for a maternal effect gene122.
DNA metabolism comprises a multitude of biochemical processes, 
DNA repair arguably being the most diverse (presented concisely 
in BOX 3). In 2002 the first maternal effect for a gene functioning 
in DNA repair was described123. However, the phenotype of em-
bryos derived from oocytes nullizygous for this gene (Pms2) does 
not strictly adhere to the definition of a maternal effect as described 
previously123. The maternal effect of the Pms2 mutation is revealed 
after analysis of microsatellite repeat length. Heterozygous prog-
eny, derived from a wild-type father and homozygous null mother 
contain microsatellite mutations in loci derived from the father. 
Furthermore, maternal and paternal mosaics for microsatellite loci 
are obtained. Hence oocytes lacking Pms2 cause a maternal effect 
mutator phenotype that at the onset of embryonic transcription is 
compensated by the wild-type Pms2 allele from the father. Erstwhile 
research had already shown that genomic integrity of the zygote is 
safeguarded by DNA repair factors stored in the oocyte 61, 124-126. 
Also, the maternal DNA repair machinery is used in transgenesis127. 
Hence, the zygote can be viewed as a cross-road for the maternal de-
rived repair machinery to collide with paternal derived DNA dam-
age. The outcome influences the mutation status of the prospective 
embryo and future organism as modified by DNA repair factors 
stored in the oocyte 61, 128. Maternal effects of repair genes are nor-
mally not noticed and usually solely surface when DNA repair is 
challenged. Long term effects of repair deprived preimplantation 
development have been scarcely studied.
Inheritance of epigenetic state and transgenerational instabil-
ity
Inheritance of classic Mendelian phenotypes follow strict rules re-
sulting in a perfect correspondence between phenotype and a single-
locus genotype 129. At the other end of the scale, an epigenetically 
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determined phenotype follows a stochastic distribution130. There is 
a certain chance, for a given epigenetic state to result in a particular 
phenotypic outcome. An allele associated with phenotypic variation 
in the absence of genetic heterogeneity is referred to as epiallele. An 
epigenotype is the sum of all DNA and chromatin associated modi-
fications (the latter discussed in Box 1) resulting in a transcriptional 
state which is mitotically heritable (for review see 131). An epigen-
etic state is dynamic, exemplified by variable expression of a gene 
amongst cells of the same type, a phenomenon known as variega-
tion.
Mitotic inheritance of an epigenetic state on a cellular level is of-
ten generically referred to as epigenetic inheritance. In the context 
of sexual reproduction, this should not be confused with inheri-
tance of an epigenotype across generations. In the primordial germ 
cells (PGCs), which eventually give rise to the gametes, both DNA 
methylation and histone modifications are erased 132. Currently, 
DNA methylation has been studied most and incomplete erasure 
at transmission for certain epialleles has been described. The in-
heritance of such an epiallele and its associated phenotype show a 
probabilistic nature and have therefore been termed metastable133. 
The inheritance of such alleles across generational boundaries re-
mains an intriguing field of research. Thus far, several examples 
of transgenerationally inheritable epialleles have been described [re-
viewed in 134, 135]. The Agouti locus of the mouse is archetypical for 
the study of transgenerational epigenetic inheritance136, 137, however 
evidence for generalization remains flimsy. This most likely is due to 
the fact that epialleles, such as found at the Agouti locus, are associ-
ated with a retroviral element. The Agouti gene has an IAP insertion 
(intracisternal A particle) upstream of the gene, providing a cryptic 
promoter able to induce ectopic expression. The activity of such a 
retroviral cryptic promoter, under the pressure of evolution, is kept 
in check by CpG methylation.
Transgenerational instability
Mutations follow a probabilistic pattern and the likelihood of occur-
rence is influenced by the type of mutation, the genetic background 
of the organism/cell and its environment (both internal and exter-
nal). The state in which due to a DNA repair defect the likelihood 
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of de novo occurrence of a mutation (= mutation rate) is increased 
compared to the general population, is often referred to as mutator 
phenotype. DNA damage, whether due to endogenous or exogenous 
factors, plays a pivotal role in mutation induction. Most mutations 
arise at the site of DNA damage and are causally related to a specific 
type of DNA damage, for instance translocations are formed by 
misrepair of DSBs. Mutations of tandem repeats, like minisatellites 
and Expanded Simple Tandem Repeats (ESTR), arise in a different 
manner. Tandem repeats are genomic loci formed by an array of re-
peated sequences (units) and are located predominantly in non-cod-
ing regions (Figure 3). Gain or loss of such units results in a variable 
array size which can be measured by differences in electrophoretic 
mobility, enabling calculation of the mutation rate (Figure 3b). The 
high germline mutation rate has made minisatellites a very useful 
Figure 3.
Tandem repeat se-
quences and mea-
surement of insta-
bility
tool in forensic science and establishment of family relationships 
(DNA Fingerprint)138. Minisatellite mutation shows a bias for gain 
of repeats and are mainly driven by recombination events between 
homologous chromosomes during meiosis (human). In contrast to 
minisatellites, ESTR arrays contain very small repeat units of ho-
mogeneous sequence. Longer and more homogeneous arrays show 
a higher instability. By direct observation, little is known about the 
mechanism of ESTR mutation. There is no bias for gain or loss 
of repeat units in ESTR arrays. In addition to germline instability, 
somatic instability for these repeats has been described, correlating 
with mitotic activity, i.e. instability was found in bone marrow and 
spleen, not in brain139. Hence, ESTR mutations are suspected to be 
associated with replication errors. DNA damage augments the mu-
tation rate of tandem repeat sequences by an unknown mechanism, 
also because the microsatellite changes present as a delayed response 
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140. Such an increase is already found at very mild genomic insult and 
therefore thought to occur in a non-targeted manner, in contrast 
to most mutations. DNA damage alters many cellular processes, 
i.e. DNA repair machinery and cell cycle checkpoints become acti-
vated. In addition the transcriptome is (temporarily) altered. Also, 
an insult like ionizing irradiation causes a general stress response 
in the cell associated with massive free radical production. These 
global changes of cellular physiology and not the initial DNA dam-
age, result in an increased likelihood of tandem repeat mutation to 
occur. The mitotic inheritance of an increased probability for muta-
tion at these particular non-targeted loci foreshadows an epigenetic 
mechanism.
Transgenerational epigenetic inheritance of ESTR instability was 
subsequently described. The analysis of first generation offspring 
sired by irradiated males showed a similar enhanced mutation rate 
that was transmittable to a second generation 141, 142. Recently, the 
elevated ESTR mutation rate was associated with a transmittable 
increased incidence of mutation in the protein coding gene hprt, and 
of endogenous levels of single and double strand DNA breaks possi-
bly implying a more general transgenerational genomic instability143. 
Hypothesizing, the inheritance of an epigenome with an increased 
likelihood for replication errors seems likely. The nature of this her-
itable increase in mutation rate and genome instability remains an 
enigma and the possible risk to the population cannot be ignored.
BOX 3. DNA repair mechanisms counteracting genome al-
terations
A plenitude of DNA damages can alter a genome and ultimately 
result in lasting changes or cellular demise. Cellular processes and 
environmental hazards effectuate DNA alterations which have been 
classified and linked to particular repair pathways. A subset is listed 
in the figure below (adapted from144). Abrogation of repair genes 
results in characteristic sensitivity profiles for particular damaging 
agents due to the specificity of DNA repair pathways. Repair of 
DNA damage is pivotal; hence mutations of repair genes often re-
sult in cancer predisposition and/or specific clinical syndromes.
ever, loss of core BER components (mice) is not compatible with life 
underlining the importance of this repair pathway.
NER. Nucleotide Excision Repair
UV-induced DNA lesions result in disrupted base-pairing and are 
recognized by the NER-machinery. Consecutively, a protein complex 
is formed that culminates in the excision of a stretch of nucleotides 
Figure BOX 3. DNA damaging 
agents resulting in a variety of DNA 
lesions and the repair processes that 
act upon them. PP: 6-4 photopro-
duct, CPD: cyclobutane pyrimidine 
dimer
BER. Base Excision Repair
Cellular metabolism generates 
numerous reactive molecules 
(i.e. reactive oxygen species) re-
sulting in base changes. A bat-
tery of DNA glycosylases, each 
recognizing a spectrum of base 
changes, removes altered bas-
es leaving an abasic site. Such 
conversions also occur sponta-
neously and induce DNA inci-
sion resulting in a single strand 
DNA break (SSB). These SSBs 
and those generated by irra-
diation feed into the core BER 
machinery which fills the gap 
and seals the break. No human 
disorders for this repair path-
way have been described, how-
along with the DNA lesion. The created gap is filled by replication 
factors. The NER pathway consists of two sub-pathways, one acting 
globally (global genome or GG-NER), the other at transcriptionally 
active loci (transcription coupled NER or TCR). Extensively stud-
ied human disorders are Xeroderma Pigmentosum (GG-NER) and 
Cockayne syndrome (TCR). 
Non Homologous End Joining (NHEJ) and Homologous Recom-
bination (HR)
A double strand DNA break (DSB) is a disastrous form of DNA 
damage, resulting in loss of genetic information or chromosomal re-
arrangements. However, during several essential cellular processes, 
DSBs are a necessary intermediate. For instance, DSBs are generat-
ed during genomic rearrangements at VDJ genes, essential for anti-
body diversity and ultimately immunity. Another form of regulated 
DSBs forms the foundation of sexual reproduction as they enable 
meiotic cross-overs resulting into gametes with a unique genetic 
content. NHEJ resolves DSBs at the VDJ-gene locus, while HR is 
responsible for repair of meiotic DSBs.
Repair of exogenously induced DSBs, i.e. by irradiation or chemi-
cal compounds, is less categorical. A family of kinases (PIKK) rec-
ognizes DSBs and reacts by phosphorylating the variant histone 
H2AX. This serves as a binding platform mustering a myriad of 
proteins involved in cell cycle regulation and DNA repair145-147. Like 
a molecular assembly line, these proteins start processing and re-
pairing the DSB.
NHEJ acts by ligating (“gluing”) opposing ends very shortly after 
break occurrence. The DNA-PK holoenzyme, existing of Ku70-
Ku80 heterodimer and DNA-PKcs, binds and juxtaposes DNA 
ends. They are ligated by means of XRCC4, DNA ligase IV and 
XLF and several other factors depending on the type of DNA ends. 
This “simple” ligation mechanism makes this repair route more er-
ror prone. NHEJ functions independent of cell cycle phase.  During 
S/G2 its counterpart HR becomes active.
HR resolves DSBs by using the homologous DNA sequence on the 
sister chromatid. DNA ends are converted to single strand DNA and 
ultimately coated by Rad51 protein. In conjunction with a family of 
proteins (Rad52 epistasis family) the homologous sister sequence 
is located and used for repair of the DSB, generating a recombina-
tion intermediate. Via an intricate mechanism, partly facilitated by 
Rad54/Rad54B proteins, this structure is resolved. HR is less liable 
to misrepair DSBs then NHEJ but can only function properly in the 
context of replicated DNA.
Chromosome duplication via DNA replication is a laborious pro-
cess that poses a threat on the conservation of the genetic code. It 
requires absolute accuracy and the process itself is liable to interrup-
tion in the form of stalled or disrupted replication forks. HR specifi-
cally functions in reactivating and re-establishing replication forks, 
arguably the most import task for this repair pathway.
There are numerous clinical manifestations of defects in DSB repair 
and related cell cycle regulation. Many impose cancer predisposi-
tion and other complications like neurological disorders, immuno-
deficiency and infertility. Genes associated with these disorders are 
extensively studied in mice148. The clinical disorder scid, for severe 
combined immunodeficiency, serves as an example of a natural oc-
curring mutation in both mouse and man. It is caused by a truncat-
ing mutation of the NHEJ protein DNA-PKcs effectively abrogat-
ing the enzymatic activity of the DNA-PK holoenzyme.
For extensive reviews on mechanistic details of DSB repair the 
reader is referred to 149, 150.
MMR. Mismatch Repair
Despite the proofreading activity and high fidelity of replicative 
DNA polymerases (alpha and delta), erroneous nucleotide incorpo-
rations resulting in a mismatch (i.e. A-G or T-C) occur. In addition, 
stretches of dinucleotide repeats (microsatellites, not to be confused 
with minisatellites) elicit polymerase slippage and concurrently gen-
erate insertion/deletion loops. Human disease genes of this pathway 
have thus far been linked to hereditary forms of colorectal cancer 
(HNPCC). Gene targeting of a particular MMR gene, Pms2, has 
been shown to invoke a maternal effect on microsatellite instability 
in the mouse.
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Section 1.4 Thesis outline
The practical work of this thesis is divided in three different sec-
tions. The main focus of section 2 is chromatin, section 3 focuses 
on DNA repair and section 4 describes the utilization of findings 
described in section 2 and 3 in answering more clinical questions
Section 2
Histone biology of the male germline pre and post gamete fusion
Section 2.1 focuses on the sex chromosomes during meiosis and 
describes a hitherto unknown phenomenon that takes place in the 
sex body during pachytene and diplotene of meiosis.
Findings presented in Section 2.2 show that during mouse sper-
miogenesis, the heterochromatin of elongating spermatids retains 
nucleosomal chromatin. These nucleosomes carry post-translational 
modifications and are transmitted to the zygote. 
Section 2.3 demonstrates that also in humans, nucleosomal chroma-
tin is transmitted to the zygote, contributing to the paternal zygotic 
chromatin.
At fertilization the sperm nucleus undergoes extensive chromatin 
remodeling. In Section 2.4 we have studied the dynamics of this 
process in the mouse. Furthermore we describe significant differ-
ences between the parental pronuclei in the early zygote.
Section 3
Maternal effects on DNA repair
In Section 3.1 we show that the phosphorylation of histone H2AX 
at serine 139 (γH2AX), in somatic cells a signal for mainly DNA 
double strand breaks, also occurs in the zygote. The dynamics of 
zygotic γH2AX during G1 and its relation to DNA double strand 
breaks was determined by sperm irradiation and treatment of zy-
gotes with DNA damaging drugs.
Section 3.2 corroborates and extends the findings of section 3.1. The 
contribution of the two major pathways in repair of DNA double 
strand breaks, namely Non Homologous End Joining and Homolo-
gous Recombination, are assessed by the use repair deficient mouse 
models. The two pathways are not independent, and differences in 
likelihood of repair in male and female pronuclei were revealed.
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Section 3.3 addresses the question whether offspring sired by irra-
diated male mice via mature sperm with irradiation induced DNA 
breaks, show an increased genetic instability at an expanded simple 
tandem repeat. Using reciprocal crosses, the existence of a maternal 
effect on ESTR instability was established.
Section 4
Fundamental biological answers on clinical questions
In section 3.1 we determined that DNA double strand breaks pres-
ent in the fertilizing sperm are marked by γH2AX shortly after 
gamete fusion. In section 4.1 we use this principle, combined with 
heterologous ICSI, to determine the amount of DNA double strand 
breaks present in human sperm from fertile and infertile probands. 
Furthermore, this method was used to examine the fate of immotile 
sperm after fertilization.
In section 2.4 we described parental asymmetries regarding histone 
lysine methylation. In section 4.2 we utilized these findings to de-
termine the genetic composition of monopronuclear mouse and hu-
man zygotes.
Section
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Abstract
In mammalian males, the first meiotic prophase is characterized by 
formation of a separate chromatin domain called the sex body1. In 
this domain the X and Y chromosomes are partially synapsed and 
transcriptionally silenced, a process termed meiotic sex chromo-
some inactivation (MSCI)2, 3. Likewise, unsynapsed autosomal chro-
matin present during pachytene is also silenced (Meiotic Silencing 
of Unsynapsed Chromatin, MSUC)2, 4, 5. Although MSCI and MSUC 
are both dependent on ATR-mediated histone H2A.X phosphoryla-
tion and cause repressive H3 lysine 9 dimethylation4, the underlying 
mechanisms of silencing are unidentified. Here, we demonstrate an 
extensive replacement of nucleosomes within unsynapsed chroma-
tin, depending on and initiated shortly after MSCI/MSUC induc-
tion. Nucleosomal eviction results in the exclusive incorporation of 
the H3.3-variant which to date has primarily been associated with 
transcriptional activity. Nucleosomal exchange causes loss and sub-
sequent selective re-acquisition of specific histone modifications. 
This process therefore provides means for epigenetic reprogram-
ming of sex chromatin presumably required for gene silencing in 
the male mammalian germ line.
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Results and Discussion
The nucleosome core particle comprises an octamer of four histone 
proteins (H2A, H2B, H3 and H4) each present twice, around which 
146 basepairs of DNA are folded. By functioning as a carrier of post-
translational modifications (PTMs), that regulate gene transcription 
and chromatin architecture, the nucleosome is at the centre of chro-
matin dynamics and epigenetic memory6. A further diversification 
of chromatin is enabled by the utilisation of histone variants7. The 
canonical H3.1 and H3.2 proteins are expressed during S phase and 
deposited during replication by a DNA replication-dependent (RD) 
nucleosome assembly pathway8. Besides H3.1/H3.2, two H3 vari-
ants exists. CENP-A, a highly specialised variant is only present at 
the centromere. Mammalian H3.3 only differs from H3.1/H3.2 at 
five/four amino acid positions and is expressed throughout the cell 
cycle. It is deposited by a DNA replication-independent (RI) nu-
cleosome assembly pathway8-10. 
Pachytene spermatocytes, characterised by fully synapsed homolo-
gous autosomal chromosomes, have been reported to undergo ex-
tensive changes in chromatin configuration1, 5, 11-13. Chromosome-
wide RD nucleosome assembly is completed after pre-meiotic S 
phase. Loss of H3.1/H3.2 therefore becomes a marker for nucleo-
some eviction. To study nucleosomal dynamics during mouse meio-
sis, we performed immunofluorescence analysis using an antibody 
that, on basis of one amino acid difference in the N-tail, specifically 
detects H3.1/H3.2 but not H3.39. In early pachytene spermatocytes, 
H3.1/H3.2 levels are equal in autosomal and sex body chromatin. 
At later stages however, we observed a progressive disappearance of 
H3.1/H3.2 in the XY body, eventually resulting in complete loss of 
H3.1/H3.2 from the sex chromosomes for the remainder of sper-
matogenesis (Fig. 1a). To establish whether this was also reflected in 
the overall levels of histones and in nucleosome structure, we used 
antibodies directed against the C-terminus of H3 (detecting H3.1, 
H3.2 and H3.3) and an antibody that specifically recognizes nucleo-
somes14. Signal intensities of both antibodies underwent a transient 
reduction at sex chromatin of pachytene up to early diplotene (Fig. 
1b and supplementary Fig. 1) and returned to autosomal levels when 
the XY axial elements obtained their bulged appearance, a typical 
feature of mid-late diplotene spermatocytes15. These data suggest 
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that de novo RI-nucleosome assembly of nucleosomes and H3.3 in-
corporation takes place during MSCI. 
To investigate whether H3.1/H3.2 removal and de novo nucleosome 
deposition occur simultaneously, we localised the H3.3•H4-specific 
chaperone HirA16. Concomitant with H3.1/H3.2 removal, a relative 
increase of signal in the XY body was observed (Fig. 1c) suggesting 
that H3.1/H3.2 removal coincides with de novo H3.3•H4 deposition. 
HirA levels in the XY body were equal to or lower than autosomal 
levels in mid-late diplotene spermatocytes (Fig. 1c; supplementary 
Table 1).  
RI-nucleosome assembly by HirA is predicted to yield H3.3-con-
taining nucleosomes16. As no specific antibody against unmodified 
H3.3 is available, we examined the H3.3 specific phospho-epitope 
(H3.3S31ph). This modification is prominently present during mito-
sis in human cells17 and meiosis of the urochordate Oikopleura dio-
ica18. At diakinesis (Fig. 1d) and meiosis II, the antibody H3.3S31ph 
decorates all chromosomes but levels are much higher in sex chro-
mosomes, confirming the enrichment of H3.3-containing nucleo-
somes in XY chromatin. In contrast, phosphorylation of serine S28, 
which occurs also during mitosis and meiosis in H3.1/H3.2 and in 
H3.3, showed a similar labelling index for autosomal and XY chro-
matin (Fig. 1d).
To establish whether H3.1/H3.2 depletion is conserved in humans 
we performed a double staining, combining antibodies against H3.1/
H3.2 and the synaptonemal complex protein 3 (SYCP3) on human 
spermatocytes. As in mice, loss of H3.1/H3.2 from sex chromo-
somes at pachytene was observed (Fig. 1e).
To estimate the onset and duration of H3.1/H3.2 removal, we car-
ried out double stainings with an anti-gH2A.X antibody which 
stains the sex chromosomes from the zygotene-pachytene transi-
tion on19. This event preceded H3.1/H3.2 loss (Fig. 2a). The histone 
H1 testis variant (H1t) is present from mid pachytene onwards20. A 
strong H1t signal always correlated with lack of H3.1/H3.2 staining 
(Fig. 2b). To more precisely determine the timing of remodeling 
(Fig. 2c), we selected pachytene spermatocytes, as defined by com-
plete synaptonemal complexes (SCs), and scored for the H3.1/H3.2 
status of the sex body (Fig. 2d). Ten percent of 246 spermatocytes 
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Figure 1 Gradual removal of H3.1/H3.2 in the XY body in sper-
matocytes during meiotic prophase I
Arrows indicate sex chromosomes. 
a, Spermatocytes in progressing stages of prophase I, metaphase I and a 
round spermatid stained by anti-H3.1/H3.2 (green) and DAPI (blue). A 
gradual loss of H3.1/H3.2 from the XY body is observed, resulting in sex 
chromatin lacking H3.1/H3.2. 
b, Spermatocytes in progressing stages of prophase I and metaphase I 
stained by anti-H3.1/H3.2 (upper panels), anti-H3 (middle panels) and 
DAPI (lower panels). Whereas loss of H3.1/H3.2 is persistent, anti-H3 
staining only shows a temporal decrease in signal. 
c, Localisation of the replication independent (RI) nucleosome assembly 
histone chaperone HirA in pachytene and diplotene spermatocytes (up-
per panels) combined with H3.1/H3.2 (middle panels) and DAPI (lower 
panels) staining. HirA is enriched in the XY body in pachytene and early 
diplotene spermatocytes and reduces to autosomal levels or lower in mid-
late diplotene spermatocytes.
d, Presence of H3.3 was confirmed by localisation of the H3.3-spe-
cific modification phosphoS31. Metaphase I spermatocytes stained for 
H3.3S31ph and H3S28ph are depicted on the left and right respectively. 
Histone H3.3-specific phosphorylation of S31 is enriched in XY chroma-
tin whereas phosphorylation of H3.1/H3.2/H3.3 on S28 is equally pres-
ent at XY and autosomal chromatin. 
e, Localisation of H3.1/H3.2 (green) in a human pachytene spermato-
cyte. SYCP3 (red) labels lateral elements of the synaptonemal complex 
and axial elements of the sex chromosomes, DAPI labels DNA.  Loss of 
H3.1/H3.2 from the XY chromatin, as identified by typical SYCP3 con-
figuration, is observed during prophase I.
Bar represents 10 µm.
showed no difference in signal intensity between the XY body and 
autosomal bivalents, 42% a decreased signal and 48% exhibited a 
complete loss of H3.1/H3.2 from the sex chromatin. Given that in 
mice the pachytene stage lasts for 6.6 days (159 hrs), these quantifi-
cations show that the decrease in H3.1/H3.2 labeling is first detect-
able approximately 16 hrs after the zygotene-pachytene transition. 
It is however anticipated that the actual replacement process starts 
somewhat earlier. Histone H3.1/H3.2 removal was completed at 
3.5 days, coinciding with up regulation of autosomal transcription3 
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(supplementary Table 2). In terms of Oakberg’s scheme of stages 
of the seminiferous epithelium, we conclude that removal of H3.1/
H3.2 takes place during stages I-V (Fig. 2c)21. 
To address the kinetics of de novo H3.3 incorporation into XY chro-
matin during MSCI, we generated two transgenic mouse models, 
one with a V5-tagged H3.3 gene, the other with a HA-tagged H3.1 
gene (supplementary Fig. 2) and studied the spatial and temporal ap-
pearance of the tagged histones. In both a high- and a low-expressing 
transgenic line (supplementary Fig. 2), the meiotic H3.3-V5 signal 
became visible in chromatin of the X chromosome at mid-pachy-
tene, after desynapsis of the axial elements of the XY chromosomes 
had initiated (Fig. 3a-e; supplementary Table 3). This was later than 
detection of HirA  in the XY body (Fig. 1c,  supplementary Table 
1), probably as a result of a lower sensitivity of the H3.3-V5 staining. 
The intensity of the signal progressively increased and the staining 
extended to chromatin of the Y chromosome during late pachytene. 
For autosomal chromatin, we observed a concomitant rise that may 
relate to increasing levels of autosomal transcription observed at 
this stage3. The H3.3-V5 signal reached its maximal intensity at the 
diplotene stage in both autosomal and sex chromatin (Fig. 3f-j). In 
round spermatids, both sex chromosomes could be easily recognised 
Figure 2 Timing of onset and duration of H3.1/H3.2 removal. Ar-
rows indicate sex chromosomes
a, Localisation of γH2A.X (red) and H3.1/H3.2 (green) in pachytene 
spermatocytes. Phosphorylation of H2A.X at S139 in the XY body pre-
cedes loss of H3.1/H3.2.
b, Localisation of H1t and H3.1/H3.2 in pachytene spermatocytes. Loss 
of H3.1/H3.2 precedes full expression of H1t.
c, Schematic representation of spermatogenesis. Sequence of epithelial 
stages (roman numerals) and their duration (hours) is based on Oakberg21. 
The pachytene to diplotene transition is adapted based on Dietrich and 
de Boer15.
d, Determination of the start and completion of H3.1/H3.2 removal. We 
stained spermatocytes with anti-H3.1/H3.2 (green), anti-Sycp3 (red) and 
DAPI. Pachytene spermatocytes were identified on the basis of synapto-
nemal complex morphology (n=246). Between brackets the correspond-
ing stages of the seminiferous epithelium. 
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Figure 3 Progressive in-
corporation of H3.3 at sex 
chromosomes and auto-
somes during murine mei-
otic prophase All H3.3-V5 
images are from the high-
expressing transgenic line 
TgN(H3.3-V5)1Apet. Sper-
matocytes were staged based 
on morphological criteria of 
chromosome axial and lat-
eral elements (supplemen-
tary Tables 3), visualized by 
anti-Sycp3 (red). DNA was 
stained by DAPI (white). (a-
d) From leptotene onwards, 
H3.3-V5 (green) only be-
came visible throughout 
chromatin in midpachy-
tene spermatocytes. (d-g) 
For the sex chromosomes, 
H3.3-V5 incorporation was 
first detected at X-linked 
chromatin, later during late-
pachytene also at Y-linked 
chromatin. (h-i) H3.3-V5 
labeling increased upto dip-
lotene stage and remained 
detectable during both mei-
otic divisions. (j) H3.3-V5 
labeled X and Y territories4, 
12, 13 in haploid round sper-
matids. (k) H3.1-HA stain-
ing (green) at XY chromo-
somes was lost in diplotene 
spermatocytes of transgenic 
line TgN(H3.1-HA)1Apet.
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by their H3.3 accumulation (Fig. 3j). The behaviour of HA-tagged 
H3.1 supports the findings with the anti H3.1/H3.2 monoclonal, 
though with a reduced sensitivity for stages before late pachytene 
due to a low expression level of the transgene (Fig. 3k). 
Structural differences between H3.1, H3.2 and H3.3 containing nu-
cleosomes are expected to be small8, suggesting that the replacement 
of H3.1/H3.2 by H3.3 as such is not the prime aim of the observed 
nucleosomal exchange. H3.1/H3.2 eviction may follow from the 
need to remove certain histone PTMs carried by the H3•H4 dimers. 
To test this hypothesis, we studied the temporal dynamics of meth-
ylated forms of H3 and H4 in the XY body from early pachytene 
spermatocytes up to round spermatids. 
All thirteen modifications (H3K4me1,2,3; H3K9me1,2,3; 
H3K27me1,2,3; H3K79me2; H4K20me1,2,3) were detected in vary-
ing degrees of intensity in early pachytene XY chromatin (Table 1, 
Fig. 4 and supplementary Fig. 3). Loss of H3.1/H3.2 coincided with 
loss of all histone PTMs, with the exception of the mono-methyl-
ated forms of H3K9 and H4K20.
Four patterns of histone lysine methylation dynamics from early 
pachytene to haplophase could be distinguished (Table 1): A) the 
mark was lost and reappeared gradually during stages VI-XII, (6 
cases, e.g. H3K9me3 in Fig. 4a); B) the mark was lost and reap-
peared at haplophase (2 cases, e.g. H3K79me2 in Fig. 4b); C) the 
mark accumulated during nucleosome replacement, was absent in 
mid-late diplotene (stages X-XI) and reappeared during the meiotic 
divisions or haplophase (2 cases, e.g. H4K20me1 in Fig. 4c); D) the 
mark was lost from the sex chromosomes (3 cases, e.g. H4K20me3 
in Fig. 4d). The temporary absence of certain histone modifications 
as a consequence of nucleosome replacement clarifies variations be-
tween reported staining patterns of these methylated lysine residues 
during pachytene 5, 11-13. Moreover, it is conceivable that it largely pre-
cludes H2A.Z from being incorporated into sex chromatin during 
pachytene and diplotene while autosomal chromatin is amenable13. 
In conclusion, nucleosomal replacement during pachytene causes 
loss of almost all studied H3 and H4 associated methyl marks and 
leads to a selective reappearance of specific histone modifications in 
later meiotic and post-meiotic stages. 
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Figure 4 Dynamics in histone lysine methylation patterns in rela-
tion to nucleosomal exchange at the XY body (a-d). Progressing stag-
es of spermatogenesis are shown from left to right. Nuclei were stained 
with DAPI (upper panels), antibodies against H3.1/H3.2 (middle panels) 
and the indicated post-translational histone modification (lower panels). 
Arrows and dotted white lines indicate position and shape of sex chro-
mosomes.
a, H3K9me3: prior to H3.1/H3.2 removal, H3K9me3 was enriched in 
the sex body. Loss of H3.1/H3.2 depleted most of this mark though some 
signal remained present in the heterochromatic region of the X chromo-
some. By stages X/XI, a prominent signal had accumulated in the XY 
chromatin, which persisted throughout the meiotic divisions and haplo-
phase (supplementary Fig. 3). 
b, H3K79me2: in stage XII pachytene spermatocytes H3K79me2 was 
present in XY chromatin although less prominently than in the auto-
somes. A complete loss of signal was observed with H3.1/H3.2 removal. 
A signal accentuating the sex chromatin reappeared in round sperma-
tids. 
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c, H4K20me1: in stage XII pachytene spermatocytes H4K20me1 levels 
of sex chromatin were reduced compared to autosomes. During nucleo-
some replacement, levels of this mark increased vastly, to be absent in 
stage X/XI diplotene and to reappear in round spermatids (supplemen-
tary Fig. 3). 
d, H4K20me3: H4K20me3 was prominently present in X heterochroma-
tin and the pseudo-autosomal region and faintly throughout the euchro-
matin of the sex chromosomes in stage XII pachytene spermatocytes29. A 
complete loss of signal was observed in concert with H3.1/H3.2 removal. 
No return of this mark was observed up to the round spermatid stage.



 
















     
     
     
     
     
     
     

     
     
     
  ∆   
   ∆   
     
     

     

Table 1. Temporal dynamics of histones and histone PTMs in sex 
chromatin during pachytene, diplotene, the meiotic divisions and 
in round spermatids 
Corresponding stages of the seminiferous epithelium are denoted be-
tween brackets. 
+ = abundant; +/- = faintly present; - = not present. 
* de novo appearance of histone PTM after temporary previous absence. 
∆ de novo appearance during stages I-V. # Period of appearance of histone 
modifications in sex chromatin of round spermatids differed between 
marks. 
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To asses whether nucleosome replacement is a sex chromosome-
specific trait, or whether asynapsed autosomal segments also display 
this event, we analysed primary spermatocytes from mice that are 
double heterozygous for two semi-identical reciprocal transloca-
tions22. In such T(1;13)70H/T(1;13)1Wa spermatocytes, translocation 
bivalents (Fig. 5a-c) often contain asynapsed autosomal chromo-
some segments that are subjected to MSUC5 and positioned adjacent 
to the XY bivalent. Localisation of Sycp3 and H3.1/H3.2 did reveal 
eviction of H3.1/H3.2 in such asynapsed autosomal regions (Fig. 
Figure 5 Localisation of H3.1/H3.2 in asynapsed autosomal chro-
matin of the  T(1;13)70H and T(1;13)Wa translocation containing 
spermatocytes and Sycp1–/– spermatocytes Nuclei were stained for 
H3.1/H3.2 (green), Sycp3 (red) and DAPI. Second and third column are 
higher magnifications except for h. 
a, Localisation of T70H and T1Wa breakpoints. 
b, Double translocation heterozygosity leads two semi-identical “homol-
ogous” chromosomes 113 and 131.
c, During early meiotic prophase I, the non-homologous segments (green) 
are initially asynapsed. In the 131 bivalent, this segments readjusts dur-
ing late zygotene, early pachytene while in the 113 bivalent, it frequently 
remains totally or partially asynapsed (diagram reproduced from19).
d, When full heterologous synapsis was accomplished a horse shoe-like 
synaptonemal complex was produced (indicated by asterisk). No loss of 
H3.1/H3.2 was observed from the 113 bivalent. 
e, Synapsis on one end of the 113 bivalent yielded a fork conformation. 
H3.1/H3.2 removal was observed in the asynapsed regions. Synapsed 
chromatin of the same bivalent retained H3.1/H3.2 (indicated with ar-
row). In spermatocytes carrying a partially synapsed 113 bivalent, an in-
complete loss of H3.1/H3.2 in the XY chromatin was more frequently 
observed (indicated with arrowhead). 
f, Synapsis occurring on both ends of the 113 bivalent resulted in the loop 
conformation. H3.1/H3.2 was only lost in the intermediate asynapsed 
region but not in synapsed extremities of the bivalent.
g, Loss of H3.1/H3.2 was also observed when the sex chromosomes and 
the 113 bivalent were localised in separate domains. Such separation was a 
rare event (3 out of 221 pachytene/diplotene spermatocytes).
h, In Sycp1–/– diplotene-like spermatocytes no loss of H3.1/H3.2 was ob-
served from the sex chromosomes (arrow indicates X, arrowhead indi-
cates Y).
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5d-f). Loss of H3.1/H3.2 also occurred when asynapsed autosomal 
and sex chromatin were localized in separate domains indicating 
that nucleosomal replacement is a general feature of MSUC and in-
dependent of sex body formation (Fig. 5g). Intriguingly, in ~40% 
of late pachytene and early diplotene spermatocytes we observed a 
residual H3.1/H3.2 signal in asynapsed autosomal segments and/or 
adjacent sex chromosomes (Fig. 5e; supplementary Table 4). Thus, 
the capacity for nucleosomal replacement seems to be limited in 
spermatocytes. Since sex bodies containing asynapsed autosomal 
chromatin show increased levels of transcription23, nucleosomal re-
placement is likely a prerequisite for proper gene silencing in the 
context of MSCI/MSUC. 
According to recent reports, MSUC/MSCI is initiated in late zygo-
tene cells by targeting of the PI3-kinase ATR via BRCA1 to asynap-
sed chromatin24, 25 that subsequently phosphorylates H2A.X (γH2A.
X)19, and ultimately leads to sex body formation in early pachytene 
spermatocytes. Timely induction of MSCI/MSUC by ATR targeting 
to asynapsed chromatin depends on the capacity of cells to monitor 
the state of synapsis at the zygotene-pachytene transition2, 26. For 
example, in Sycp1–/– spermatocytes that fail to finalise synaptone-
mal complex formation, staining patterns of ATR and γH2A.X are 
invariant between sex chromosomes and autosomes, and between 
zygotene, pachytene and diplotene stages26. Accordingly, such mu-
tants fail to form sex bodies. To determine whether nucleosome 
replacement depends on MSUC and MSCI induction, we probed 
Sycp1–/– zygotene, pachytene and diplotene-like spermatocytes26 with 
anti-H3.1/H3.2 and anti-Sycp3 antibodies. As illustrated in Fig 5h; 
supplementary Table 4, we failed to obtain any evidence for nucleo-
some exchange at XY or autosomal chromatin. 
Together, the presented data on H3.1/H3.2 eviction in wild-type, 
T(1;13)70H/T(1;13)1Wa, and Sycp1–/– spermatocytes and on H3.3 in-
corporation in transgenic H3.3-V5 spermatocytes demonstrate nu-
cleosome replacement to be a general feature of MSUC, initiated 
shortly after MSUC induction in early pachytene cells. 
A function of γH2A.X in DNA double strand break repair is to at-
tract chromatin remodelers27 and an analogous role for γH2AX in 
MSUC is therefore likely (as elimination of H2A.X results in fail-
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ure to induce MSCI28). The accumulation in the XY body1 of DNA 
repair proteins, such as Mre11 and Rad50 could therefore be con-
nected to MSUC induced nucleosome replacement. Hence, we pro-
pose that during MSUC these repair proteins facilitate chromatin 
remodeling, rather than being instrumental in DNA repair. 
In summary, we describe massive chromatin remodeling of the sex 
chromosomes to be a feature of human and mouse male meiotic 
prophase I. The unique chromatin composition obtained in this 
process potentially serves a role in MSCI and postmeiotic function-
ing of the sex chromosomes when a selective gene reactivation of 
MSCI subjected genes occurs12.
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Methods
Mice 
Initial observations were made in male F1(CBA/B6) mice. Homozygous 
T(1;13)70H male mice on a Swiss random bred background were used 
for collecting all data presented here. Male T(1;13)70H/T(1;13)1Wa double 
heterozygous mice, also on a Swiss random bred background, were used 
to study translocation chromosome involved autosomal asynapsis22. Pro-
cedures involving animals were approved by the animal ethics committee 
of the Radboud University Nijmegen Medical Centre and conformed to 
the Dutch Council for Animal Care and the NIH guidelines. Genera-
tion, handling and housing of transgenic H3.3-V5 and H3.1-HA animals 
was conform the Swiss Animal Protection Ordinance, chapter 1. Human 
testicular tissue was obtained as remnant material from a diagnostic tes-
ticular biopsy with informed consent.
Surface spread preparations 
Nuclear spreads were obtained as described in Peters et al., with some 
modifications introduced in Baart et al.25, 30. Briefly, a suspension of sper-
matogenic cells was obtained that was treated with a hypotonic buffer 
(17 mM sodium citrate, 50 mM sucrose, 30 mM Tris.HCl pH 8.2). After 
centrifugation the pellet was carefully resuspended in a 100 mM sucrose 
solution and applied over a PFA coated glass slide (1% PFA, 0.15% Tri-
ton-X-100, pH 9,2-9,5). The slides were kept for 2 hours in a humidified 
atmosphere. After 1.5 hours the box was opened and slides were washed 
with 0,08% photoflow (Kodak).
Fluorescent immunostaining 
Surface spread slides were stained according to the protocol described in 
Baart et al25. Briefly, slides were blocked for 1 hour at 37°C. After block-
ing, primary antibodies diluted in blocking solution were applied. Prim-
ing for 40 minutes at 37°C was followed by overnight incubation at 4°C. 
The next day slides were washed after which nuclei were blocked for 1 
hour at 37°C. Secondary antibodies were diluted in blocking solution and 
incubated for 2 hours at 37°C. After washing in PBS, slides were incu-
bated with DAPI and mounted with Vectashield. 
Antibodies 
The monoclonal antibody #34 was used to localise H3.1/H3.2 at a dilu-
tion of 1:1500 9. The monoclonal antibody #32 recognizes nucleosomes 
and was used at a dilution of 1:200014. Polyclonal rabbit Pan-H3 (ab1791; 
1:500) and H3.3S31ph (ab2889; 1:20) antibodies were purchased from Ab-
cam. Polyclonal rabbit D34, which recognizes HirA was used in 1:100 (P. 
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Adams). Polyclonal rabbit Sycp3 was used in a 1:400 dilution (C. Heyting). 
The mouse monoclonal antibody against gH2A.X was purchased from 
Upstate Biotechnology (# 05-636; clone JBW301;1:10.000). Polyclonal rab-
bit antibody against Histone H1t was used in a 1:100 dilution (P. Moens). 
Polyclonal rabbit antibodies against H3K9me1,2,3; H3K27me1,2,3 were 
diluted 1:250; H4K20me1 was diluted 1:1000, H4K20me2 was diluted 
1:50 and H4K20me3 was diluted 1:250 (T.Jenuwein). Rabbit polyclonal 
antibodies for H3K4me1,2,3 were purchased from Abcam (catalogue nr 
and dilutions ab8895, 1:100; ab7766 1:100; ab8580 1:1500, respectively). 
Polyclonal rabbit antibody was used to detect H3K79me2 in a 1:500 dilu-
tion (F. van Leeuwen). V5 antibody (Invitrogen, 46-0705) and HA anti-
body (Roche, 3F10) were used in a 1:500 and a 1:100 dilution respectively. 
To uncover the epitopes for the pan-H3; H3K79me2, H3.3S31ph, V5 and 
HA antibodies, slides were first incubated in 4 M HCl for 6 minutes prior 
to blocking, after which slides were extensively washed in PBS. Primary 
antibodies were detected by labelling with Molecular Probes A11001 flu-
or 488 goat anti-mouse IgG (H+L), A11012 fluor 594 goat anti-rabbit IgG 
(H+L). Both were used in a 1:500 dilution. 
Analysis and image capture 
A minimum of hundred pachytene/diplotene nuclei or round spermatid 
nuclei were analysed per staining. All stainings except those with the nu-
cleosome antibody were performed in combination with the H3.1/H3.2 
antibody. As immunofluorescence stainings were co-stainings in com-
bination with DAPI, the identification of first meiotic prophase stages 
relied on DAPI staining pattern, in particular the morphology of the sex 
body. The assumption was made that pachytene had commenced when a 
sex body could be identified with DAPI. More precise staging was based 
on anti-staining of the axial elements of the XY chromosomes by DAPI 
with Dietrich and de Boer and Ashley et al., as references15, 31. The DAPI 
staining characteristics of centric heterochromatin that change over pro-
phase I, constituted the other criterion31 (Fig.1 and supplementary Fig. 
1). The pachytene-diplotene transition could not be precisely determined 
with this approach. Diakinesis and metaphase I (stage XII) were grouped 
as metaphase I. Images were collected on a Zeiss axioplan fluorescence 
microscope. Pictures were captured by a Zeiss AxioCam MR camera on 
Axiovision 3.1 software (Carl Zeiss). Adobe Photoshop 7.0 was used to 
reduce background when necessary.
Spermatocytes from H3.3-V5 and H3.1-HA transgenic mice where co-
stained with anti-Sycp3 ad either anti-V5 or anti-HA antibodies. Staging 
criteria for sub stages of pachytene are described in Supplementary Table 
3.
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Extended discussion of 
Chromosome-wide nucleosome replacement and H3.3 incorporation during mam-
malian meiotic sex chromosome inactivation
Godfried W. van der Heijden, Alwin A.H.A. Derijck, Peter de 
Boer
In section 2.1 we describe chromosome wide-replacement of nucleo-
somes in the XY body. The timing of this event suggests involve-
ment in Meiotic Sex Chromatin Inactivation (MSCI) and therefore 
also in differentiation of the germ cell downstream of meiosis, since 
MSCI has been shown to have an epigenetic effect on MSCI-sub-
jected chromatin during haplophase4, 33. Qualitative interference 
with this process is indicated to have a negative effect on the mei-
otic divisions and spermiogenesis23. MSCI is an adaptation, which 
is utilized during male meiosis, of the general principle of Meiotic 
Silencing of Unpaired Chromatin (MSUC)33 
The rate of nucleosome turnover and deposition
The duration of nucleosome turnover as determined by loss of H3.1/
H3.2 is approximately 67 hours (Section 2.1, Supplementary Table 
2). DNA replication proceeds first meiotic prophase, hence the sex 
body contains around 446 mega base (mb) of DNA. This implies 
that on average 6.6 mb is being remodelled hourly. One nucleosome 
represents 200 bp including linker DNA34, 35. Under the assumption 
that the nucleosome removal rate is linear, this suggests that in stage 
I-IV pachytene spermatocytes every second roughly nine nucleo-
somes are removed. 
An estimation of the onset of de novo nucleosome deposition can 
be obtained by calculating the percentage of pachytene spermato-
cytes without enrichment of tagged-H3.3 in the XY body (17%, 
Section 2.1, Supplementary Table 3). Tagged-H3.3 is detectable at 27 
hours into pachytene (this calculation is analogous to the one used 
to calculate H3.1/H3.2 loss as described in Section 2.1, Supplemen-
tary Table 2. If disappearance of the H3.3•H4 chaperone HirA from 
the sex body (that coincides with a return to autosomal levels of a-
nucleosome and a-panH3 in sex chromatin at stage X) is defined as 
the endpoint of de novo nucleosome deposition, this process takes 
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159 hours, corresponding to an average nucleosome assembly rate 
of approximately 4 per second. This number, however, should be 
considered a rough estimate since it relies on the assumption that all 
nucleosomes in the sex chromatin are replaced
The rate of nucleosome turnover and deposition
The duration of nucleosome turnover as determined by loss of H3.1/
H3.2 is approximately 67 hours (Section 2.1, Supplementary Table 
2). DNA replication precedes first meiotic prophase, hence the sex 
body contains around 446 mega base (mb) of DNA. This implies 
that on average 6.6 mb is being remodelled hourly. One nucleosome 
represents 200 bp including linker DNA34, 35. Under the assumption 
that the nucleosome removal rate is linear, this suggests that in stage 
I-IV pachytene spermatocytes every second roughly nine nucleo-
somes are removed. 
An estimation of the onset of de novo nucleosome deposition can be 
obtained by calculating the percentage of pachytene spermatocytes 
without enrichment of tagged-H3.3 in the XY body (17%, Section 
2.1, Supplementary Table 3). Tagged-H3.3 is detectable at 27 hours 
into pachytene (this calculation is analogous to the one used to cal-
culate H3.1/H3.2 loss as described in Section 2.1, Supplementary 
Table 2). If disappearance of the H3.3•H4 chaperone HirA from the 
sex body (that coincides with a return to autosomal levels of a-nu-
cleosome and a-panH3 in sex chromatin at stage X) is defined as 
the endpoint of de novo nucleosome deposition, this process takes 
159 hours, corresponding to an average nucleosome assembly rate 
of approximately 4 per second. This number, however, should be 
considered a rough estimate since it relies on the assumption that all 
nucleosomes in the sex chromatin are replaced
The XY body, a highly active domain
It is well established that heterochromatin is transcriptionally si-
lenced and that silenced genes often show a heterochromatic chro-
matin signature36. It is therefore understandable that the transcrip-
tionally silenced XY body, which during the first half of pachytene 
also has been described as a condensed structure, has long been re-
garded as a heterochromatic, static chromatin domain1, 37.  The XY 
body, however, appears to be far from static and only temporarily 
heterochromatic. 
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The XY body is formed in early pachytene spermatocytes and dis-
solves in mid-diplotene spermatocytes1, 37, a lifetime of around 187 
hours (for a recent review see33). During its existence, nucleosome 
removal and/or deposition stretches over an estimated 171 hours 
(onset of removal occurs at stage I while finalization of deposition 
occurs in stage X). Thus, during a significant part of its existence 
the XY body undergoes chromatin remodelling.
Timing and initiation of XY body formation and MSCI
During early prophase I, Spo11 induces double strand breaks, which 
are crucial for synapsis and recombination of the homologous chro-
mosomes and the pseudo autosomal region (PAR)38, 39. The induced 
double strand breaks are processed by Rad51 and its meiotic specific 
homologue Dmc140. During zygotene most of these breaks are re-
paired and, in the context of SC completion, Rad51 and Dmc1 are 
lost from the synapsed regions41-43. Rad51 binds Brca1 and Brca1, 
in turn, binds Atr24, 44. This explains the large overlap of these pro-
teins observed in the incomplete SC of unsynapsed regions. When 
autosomal synapsis is finalised (stage XI-XII) these markers are pro-
gressively lost from the autosomes but remain present in the eventu-
ally largely unsynapsed sex chromatin and, if present, in unsynapsed 
autosomal chromatin. During early prophase I, phosphorylation of 
H2AX is mainly governed by Atm45. A sharp increase in Atr mRNA 
is observed during early pachytene, this coincides with the spread 
of ATR throughout chromatin loops in the sex body25, 45. The abil-
ity of Atm−/−; Spo11−/− spermatocytes to form ectopic sex body-like 
structures, to which Atr localises and where H2AX phosphoryla-
tion occurs, strongly indicates that Atr mediates this second wave of 
H2AX phosphorylation, which is linked to initiation of MSUC. The 
sex chromosomes, but also autosomal segments that fail to undergo 
synapsis, still possess double strand breaks as indicated by the pres-
ence of Rad51/Dmc1 foci at their axial elements42. Possibly the pres-
ence of double strand breaks interferes with or delays the formation 
of the SC in heterologous domains. As a consequence, unsynapsed 
heterologous domains will be detected and subjected to MSUC after 
the zygotene-pachytene transition. 
During early pachytene the sex chromosomes have migrated to the 
periphery of the nucleus. The importance of this migration is in-
dicated by the observation that in spermatocytes that have a telo-
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Figure 1 Dynamics of processes and proteins present in the XY 
body 
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mere-telemore attraction of the X chromosome centromeric region 
and an autosomal one, prevents migration and the sex body is not 
formed46. 
From leptotene on till mid-pachytene, global levels of transcription 
are low but by no means promiscuous2, 3, 5. Deletion of the meiosis-
specific histone H3K4 methyl transferase results in transcriptional 
deregulation and subsequent demise of spermatocytes47. A burst 
of autosomal transcriptional activity occurs during mid pachytene 
(stage IV)3, 48. This coincides with the full establishment of MSCI as 
nicely shown by the H2AX and Brca1 KO mouse models. In these 
models abrogation of MSCI results in an upregulation of sex linked 
genes at mid pachytene (around stage IV)24, 28. Incomplete silencing 
of sex linked genes seems to result in meiotic failure4, 49. 
The order of MSCI induction and subsequent autosomal transcrip-
tional upregulation therefore likely reflects the adaptation of auto-
somal transcription to MSCI. In other words, the rise of autosomal 
transcription at stage IV is only possible when in the same nucleus 
inactivation of the sex chromosomes has occurred. 
Mechanism of MSCI/MSUC induced silencing
During establishment of MSCI numerous proteins accumulate in 
the XY body (Fig. 1, Table 1). Striking is the abundance of proteins 
functional in DNA repair. In concordance with the transcriptional 
inactivity of the XY body is the absence of RNA Pol II, splicing ma-
chinery and histone modifications that are linked to gene transcrip-
tion from this domain, as is the presence of several transcriptional 
repressors and repressive modifications (Tables 1-3). It is hitherto 
unclear which downstream processes establish actual transcriptional 
silencing. Recent studies have shown that the cessation of transcrip-
tion induced by MSCI is not caused by phosphorylation of H2AX, 
as has been speculated previously. Deletion of Parp-2 reduces 
poly(ADP-ribose) (pAR) levels of the XY chromatin, a modification 
that occurs downstream of ATR mediated H2AX phosphorylation. 
In these gH2AX positive, pAR negative XY bodies, RNA Pol II 
was observed in the XY body and transcription, as determined by 
RT-PCR occurred49. 
On the other hand, presence of RNA Pol II in the XY body is 
not sufficient for transcriptional activation of XY chromatin dur-
ing prophase I. Spermatocytes in which Scmh1, a component of 
the Polycomb repressor complex 1 (Prc1), is absent, fail to exclude 
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RNA Pol II, though MSCI is normally induced83. Transcriptional 
silencing of the XY linked genes during MSCI could be the result of 
recruitment of transcriptional repressors and exclusion of transcrip-
tional activators (Table 3). Additionally, the intensive nucleosome 
replacement as described in section 2.1 might be intrinsically re-
pressive. Gene silencing could follow from occupation of the DNA 
by chromatin remodelling machinery, thereby competing for access 
with transcription machinery. If nucleosome replacement invokes 
transcriptional inactivation in the sex body it would be interesting 
to study the effect of the pAR-modification in this process. 
From recent studies on the mechanisms of DNA double strand break 
repair, a clear link between protein complexes functional in repair 
of DNA insults and the chromatin remodelling machinery has be-
come apparent27. After detection of a (somatic) double strand DNA 
break, phosphorylation of H2AX by Atm or Atr occurs, which sub-
sequently attracts DNA repair proteins as Mdc1 and 53BP1, while 
the MRN complex (Mre11/Rad50/Nbs1) and the Ku70-Ku80 het-
erodimer localize to the unligated ends of the double strand break. 
The outcome of a competition between Ku70-Ku80 and RPA medi-
ated loading of Rad51 decides which mode of double strand break 
repair is utilized85, 86. Also attracted by gH2AX is the nucleosome 
remodelling complex INO80, whereas Mre11 recruits the nucleo-
some remodelling complex RSC. Both complexes have been shown 
to posses nucleosome evicting capacity27, 87. 
The similarity between the composition of the double strand break 
repair machinery and proteins that accumulate in the XY body is 
striking (Fig. 1 and Table 1). It has been suggested that, like the telo-
mere, the XY body functions as a protein reservoir53. However, the 
finding that during the existence of the XY body massive nucleo-
some replacement occurs suggests a function for several of these 
proteins in this process. 
Clearly, a common denominator between dsDNA repair and nucleo-
some replacement is chromatin remodelling. Possibly, gH2AX and 
Mre11 attract chromatin remodelling complexes. In concordance 
with this is the observation that in the sex body, non-remodelled 
(a-H3.1/H3.2 positive) domains show decreased levels of gH2AX 
(Fig. 2). It would therefore be interesting to see whether the INO80 
and/or RSC complexes are present in the XY body. Another protein 
that is present early on in sex chromatin is Mdc160. This protein has 
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Figure 2 Loss of histone H3.1/H3.2 co-localises to histone 
gH2AX
Spermatocytes carrying the T(1; 13)70H and T(1; 13)T1Wa trans-
location are stained with a-H3.1/H3.2 antibody (green) and a-
gH2AX (red), DNA is labelled with DAPI (blue). The sex body 
of the spermatocyte on the left contains the 113 chromosome as 
two univalents. The arrow indicates its Dapi bright heterochro-
matic segment. Loss of H3.1/H3.2 from this segment is incom-
plete whereas gH2AX is absent. On the right, the spermatocyte 
contains the 113 bivalent in a loop conformation. Loss of H3.1/
H3.2 is observed from the loop but not yet in the extremities, 
where the level of gH2AX signal is low.
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been described as an amplifier of the dsDNA break distress signal 
and recruiter of 53BP159, 88. Male meiosis in Mdc1−/− mice is severely 
distorted and has a similar meiotic arrest as the H2AX−/− mouse 
model59. It is tempting to speculate that Mdc1, apart from attracting 
DNA repair proteins, also recruits chromatin remodelling machin-
ery. 
The presence of other proteins of which deletion does not infer 
male meiosis (Table 1) could be the result of their binding char-
acteristics. For example, accumulation of 53BP1 could be a mere 
consequence its binding capacity for MDC1 and gH2AX, since the 
mouse model of this protein is fertile59. The NHEJ proteins Ku70/
Ku80 are enriched in the XY body while another important NHEJ 
factor, DNA-PKcs, is not53, 89. Both the Ku proteins are dispens-
able for male meiosis as well is NHEJ57, 58, 90. Possibly their presence 
could follow from their association with Mre1153. To clarify the role 
of these proteins in MSCI/MSUC-related nucleosome remodeling 
a straightforward next step would be to systematically study the dy-
namics of H3.1/H3.2 status in the XY body or MSUC subjected 
domains of meiotic mutants.
 
The molecular mechanism of MSCI/MSUC is diffuse 
Although the PAR undergoes synapsis, genes contained in the PAR 
are silenced and its nucleosomes are replaced. Apparently also syn-
apsed chromatin, which does not attract Brca1, can be subjected to 
MSCI. Nucleosome remodeling does not affect recombination, the 
only indication for a difference being the curtailed presence of Mlh1 
as a marker for recombination nodules42. The capacity to remodel 
synapsed chromatin was also observed in spermatocytes carrying 
the T70H/T1WAH translocations. The small 113 bivalent contained 
in these spermatocytes  was usually grouped with the XY chromo-
somes when containing segments of unsynapsed chromatin. De-
pending on the size of the synapsed segments, the degree of associa-
tion with the XY chromosomes and the positioning of the synapsed 
segments, loss of H3.1/H3.2 could occasionally also be observed 
in there (Fig. 3). This is a strong indication that nucleosome re-
placement activity is not restricted to Brca1 positive domains. Lo-
calisation of Atr (zie table consistent gebruik hoofdletters) as well 
phosphorylation of H2AX is not excluded from the PAR2 and as a 
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Figure 3 Chromatin remodelling of synapsed domains
Spermatocytes carrying the T(1; 13)70H and T(1; 13)T1Wa trans-
location are stained with a-H3.1/H3.2 antibody (green) and a-
H4K20me3 (red), DNA is labelled with Dapi (blue). 
A) shows a spermatocyte with the 113 bivalent in a loop. The het-
erochromatic region of the 113 bivalent, which can be recognised 
by its brighter DAPI staining, stains positive for H3.1/H3.2 and 
H4K20me3, implying that nucleosome remodeling has not oc-
curred in this segment. 
B) shows also shows a spermatocyte with the 113 bivalent in a loop 
formation (see SC in magnified DAPI image). Loss of H3.1/H3.2 
and H4K20me3 has occurred in this domain.
Section78 2.1
consequence this also accounts for nucleosome replacement63. The 
diffusive character of the molecular mechanism of MSCI empha-
sizes the necessity of compartmentalization of the XY body during 
male meiosis1.

   
 






 


 
 

 
 




 
   
 


 
 


 
 

 
 

 
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 




 
 
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Supplementary data section 2.1 
Supplementary Figure 1. Temporary reduction of nucleosome den-
sity in the XY body.
Staining with a monoclonal antibody that specifically recognizes nucleo-
somes shows a temporary decrease of epitope in the XY body during 
prophase I. Progressing stages of spermatogenesis are shown from left 
to right. Arrows indicate XY body. The anti-nucleosome antibody #32 
is derived from a Lupus mouse. Extensive characterization of #32 with 
histones, histone peptides, subnucleosome structures and intact native 
nucleosomes revealed a superior reactivity of #32 with the intact nucleo-
some. When used in the appropriate dilution, the antibody only reacts 
with native nucleosomes14.
Spermatocytes stained with the nucleosome-specific antibody showed a 
pattern similar to that of H3 staining (Fig. 1b). In early primary sper-
matocytes identical levels were observed in autosomal and sex chromatin. 
A temporary decrease of signal was observed in the XY body in later 
stages. As with the H3 staining, a residual level was always present. Dur-
ing mid-late diplotene, levels in autosomal and XY chromatin were equal 
again. For staging, see M&M and supplementary data. 
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Supplementary Figure 2 Generation and characterization of H3.3-
V5 and H3.1-HA transgenic lines 
a, Schematic diagram of constructs used to generate transgenic mice. 
H3.1-HA and H3.3-V5 contain one copy of either the HA or V5 tag and 
are expressed under transcriptional regulation of the “CAG promoter” 
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consisting of the Cytomegalovirus (CMV) immediate-early enhancer, 
chicken b-Actin promoter, and rabbit b-Globin intron. Histone cDNAs 
were obtained by PCR amplification from total mouse embryonic fibro-
blast cDNA using transcript specific primers and cloned into pGEM-T-
easy plasmids. After addition of the HA or V5-tag via PCR-based cloning 
strategies, H3-tag open reading frames were cloned into the EcoR1 site 
of the pCX vector, thereby deleting the EGFP cassette. The final plas-
mids were linearised with PvuI and HindIII and injected into pronuclear 
stage zygotes on a C57BL/6-BALB/c x C57BL6 genetic background. 
b, Sequence alignment of H3.1, H3.2 and H3.3 proteins. Sequence di-
versities between different H3 proteins are indicated by different colors. 
The minimal epitope (APAT) recognized by the a-H3.1/H3.2 antibody 
is indicated by a box9. The panH3 antibody (Abcam 1791) was raised 
against a synthetic peptide corresponding to 12 amino acids (IQLAR-
RIRGERA) localized at the C-terminus of Histone H3. Following en-
tries were used for sequence alignment: H3.1 accession: P68433; H3.2 
accession: P84228; H3.3 accession: P84244. 
c, Western blot analyses showing specificity of a-H3.1/H3.2, a-HA, and 
a-V5 antibodies. Histone-enriched protein preparations were obtained 
via H2SO4 extraction from control Human Embryonic Kidney 293 cells 
and HEK293 cells either transfected with H3.1-HA or H3.3-V5 expres-
sion constructs. Antibodies were used in the following dilutions: a-H3.1/
H3.2 (#34), 1:30,000; a-HA (Roche, 3F10), 1:20,000; a-V5 (Invitrogen, 
46-0705), 1:75,000; a-H3 (Abcam, 1791) 1:200,000. The panH3 antibody 
failed to recognize the tagged H3.1 and H3.3 proteins, possibly due to 
epitope masking. A similar observation was made for a C-terminally 
GFP-tagged H3.3 variant of C. elegans32.
d, Expression level of H3.3-V5 and H3.1-HA tagged histones in tes-
tis of different transgenic mouse lines. Western blot analyses of testis 
extracts prepared from wild type (C57BL/6) and transgenic animals. 
Histone preparation and antibody detection as described in c. The fol-
lowing transgenic lines were used in this study: H3.3-V5 #1: TgN(H3.3-
V5)1Apet; H3.3-V5 #2: TgN(H3.3-V5)2Apet; H3.1-HA #1: TgN(H3.1-
HA)1Apet.   
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Supplementary Figure 3 Patterns of H3K4 methylation during 
prophase I
a, Localisation of mono-methylated histone H3 lysine 4 (H3K4me1). The 
overall faint signal for H3K4me1 throughout the primary spermatocyte 
was lost during H3.1/H3.2 removal. During diplotene H3K4me1 accu-
mulated in XY chromatin, eventually resulting in its enrichment in the 
condensed XY chromatin. In round spermatids this mark was faintly 
present throughout the chromatin.
b, Localisation of di-methylated histone H3 lysine 4 (H3K4me2). As for 
H3K4me1, levels of this mark dropped during chromatin remodeling and 
eventually were lost from XY chromatin. XY levels were equal to autoso-
mal levels in condensed meiotic chromosomes. In round spermatids the 
mark was present in the sex chromatin in a punctuated form.
c, Localisation of tri-methylated histone H3 lysine 4 (H3K4me3). Prior 
to H3.1/H3.2 loss this mark was faintly present in sex chromatin. The 
mark disappeared completely from the sex body after H3.1/H3.2 remov-
al. During the meiotic divisions a faint signal was detected on the sex 
chromosomes when compared to the signal autosomes showed. Histone 
H3K4me3 was present in the sex chromatin of round spermatids in levels 
equal to autosomal euchromatin.
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Supplementary Figure 4 Dynamics of mono, di and tri-methylated 
histone H3 lysine 9 during male prophase I Nuclei were co-stained 
for H3.1/H3.2. Progressing stages of spermatogenesis are shown from 
left to right. Arrows/dotted white lines indicate position and form of XY 
chromatin.
a, Localisation of mono-methylated histone H3 lysine 9 (H3K9me1). XY 
levels of this mark varied from absent to low prior to H3.1/H3.2 removal. 
During H3.1/H3.2 loss (stages I-V), an increase of H3K9me1 was ob-
served in the sex body, which persisted to early diplotene. However, in 
late diplotene (X-XI) this mark had disappeared again (its loss is likely a 
consequence of conversion to the di and tri-form, which are abundantly 
present at that stage). Condensed chromosomes exhibited faint staining. 
During haplophase overall nuclear staining for H3K9me1 was low.
b, Localisation of di-methylated histone H3 lysine 9 (H3K9me2). Prior to 
H3.1/H3.2 removal enrichment of this mark was observed in XY chro-
matin. A sharp decrease of H3K9me2 was observed during and after 
removal of H3.1/H3.2. Signals gradually reappeared during pachytene 
stages VI-VIII. A further increase of levels was observed throughout dip-
lotene. The condensed sex chromosomes were enriched for H3K9me2 
and also in round spermatids this modification was prominent in the sex 
chromatin.
c, Localisation of tri-methylated histone H3 lysine 9 (H3K9me3). Alike 
H3K9me2, this mark was enriched in XY chromatin prior to H3.1/H3.2 
loss. Except for some faint signals observed in the heterochromatin of 
the X chromosome, H3K9me3 was lost from the sex body concomitant 
with H3.1/H3.2 loss. A gradual return of this mark in XY chromatin was 
observed during stages VI-XI. Condensed sex chromosomes exhibited 
high levels of H3K9me3 and also in the sex chromatin of round sperma-
tids this mark was abundant.
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Supplementary Figure 5 Dynamics of mono, di and tri-methylated 
histone H3 lysine 27 during male prophase I Nuclei were co-stained 
for H3.1/H3.2. Progressing stages of spermatogenesis are shown from 
left to right.  Arrows/dotted white lines indicate position and form of XY 
chromatin.
a, Localisation of mono-methylated histone H3 lysine 27 (H3K27me1). 
High levels of H3K27me1 in the XY body were observed prior to H3.1/
H3.2 loss. After H3.1/H3.2 loss a faint residual H3K27me1 staining was 
detected. This might be due to cross reactivity of this antibody with 
H3K9me1 and H4K20me1 (personal communication T. Jenuwein). Both 
of these marks were abundantly present in the XY body of pachytene 
spermatocytes but not when chromatin was condensed, when H3K27me1 
was not detected also. In round spermatids H3K27me1 was again present 
in sex chromatin, though at a lower level than autosomal chromatin.
b, Localisation of di-methylated histone H3 lysine 27 (H3K27me2). 
H3K27me2 was present in comparable levels in the XY chromosomes 
and autosomes in early pachytene spermatocytes. Together with H3.1/
H3.2 this mark completely disappeared from XY chromatin, its absence 
from sex chromatin was sustained to round spermatids.
c, Localisation of tri-methylated histone H3 lysine 27 (H3K27me3). 
Abundance of this modification was lower than H3K27me2 throughout 
the spermatocyte chromatin. Loss of H3.1/H3.2 resulted in the loss of 
this mark from the XY chromatin altogether. No return of this modifica-
tion was observed into round spermatids.
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Supplementary Figure 6 Dynamics of mono and di-methylated his-
tone H4 lysine 20 during male prophase I Nuclei were co-stained for 
H3.1/H3.2. Progressing stages of spermatogenesis are shown from left 
to right. Arrows/dotted white lines indicate position and form of XY 
chromatin.
a, Localisation of mono-methylated histone H4 lysine 20 (H4K20me1). 
Initial levels of H4K20me1 in the XY body were reduced when com-
pared to autosomal levels. A rapid increase was observed at the onset of 
chromatin remodeling. However, a decline of signal was observed when 
the axial elements of the XY-chromosomes started to bulge (diplotene, 
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stages X-XI). Since conversion of H4K20me1 to H4K20me2 is limited 
and to H4K20me3 not observed at all, its loss suggests the existence of an 
H4K20me1-demethylase. A reappearance of this mark was observed in 
the sex chromatin of round spermatids, where it was restricted to euchro-
matin. Together with our previous observation that H4K20me1 accumu-
lates in sperm chromatin after gamete fusion, when a surge of histone 
deposition takes place9, this suggests a function in nucleosome assembly.
b, Localisation of di-methylated histone H4 lysine 20 (H4K20me2). Sig-
nals obtained for H4K20me2 were low in spermatocytes. An overall stain-
ing throughout the nucleus prior to H3.1/H3.2 loss was observed. Loss 
of signal from the XY chromosomes was detected during H3.1/H3.2 
removal. In condensed chromosomes this mark became visible again in 
XY chromatin. However, in round spermatids (sex) chromatin did not 
exhibit staining.
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





    



     
     
     





93

   
   
 
  
 


   















Section94 2.1





 
   
 
     
     
     
     
     
     
     


    
     
            
             
            
          



 
   
 
     
     
     
   
   


       
           

 
           
         
            
         

            


95



  



 






 




 

 
 
 



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Abstract
Rapidly after gamete fusion, the sperm nucleus loses its specific chro-
matin conformation and the DNA is repopulated with maternally 
derived nucleosomes. We evaluated the nature of paternally derived 
nucleosomes and the dynamics of sperm chromatin remodeling in 
the zygote directly after gamete fusion. We observed histone H4 
acetylated at K8 or K12 already prior to full decondensation of the 
sperm nucleus, suggesting that these marks are transmitted by the 
spermatozoon. Tracking down the origin of H4K8ac and H4K12ac 
during spermiogenesis revealed the retention of nucleosomes with 
these modifications in the chromocentre of elongating sperma-
tids. We show that sperm constitutive heterochromatin is enriched 
for nucleosomes carrying specific histone modifications which are 
transmitted to the zygote. Our results suggest an epigenetic mecha-
nism for inheritance of chromosomal architecture. Furthermore, up 
to pronucleus formation, histone acetylation and phosphorylation 
build up in a cascade-like fashion in the paternal chromatin. After 
formation of the pronucleus, a subset of these marks is removed 
from the heterochromatin, which suggests a reestablishment of the 
euchromatin-heterochromatin partition.
Transmission of modified nucleosomes from the 
mouse male germline to the zygote and subsequent 
remodeling of paternal chromatin
Godfried W. van der Heijden a,*, Alwin .A.H.A. Derijck a,*, Liliana Ramos a, 
Maud Giele a, Johan van der Vlagb, Peter de Boer a
1Department of Obstetrics and Gynaecolog y, Radboud University Nijmegen Medical Centre, P.O. 
Box 9101, 6500 HB Nijmegen, The Netherlands 
2Nephrolog y Research Laboratory, Nijmegen Centre for Molecular Life Sciences, Division of Ne-
phrolog y, Radboud University Nijmegen Medical Centre, Geert Grooteplein 26, 6525 GA Nijme-
gen, The Netherlands.
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Introduction
In the condensed sperm nucleus, DNA is present in an inert, sperm-
specific constitution, in which it is bound to protamines that facili-
tates a high density packing 91. During spermiogenesis, the replace-
ment of histones by protamines is not complete and varies strongly 
among species. In mouse sperm an estimated 1% of the DNA re-
mains bound to nucleosomes (R. Balhorn, personal communica-
tion). The nuclear organization of the sperm genome is well defined, 
with the telomeres positioned at the outer membrane and centro-
meric (constitutive) heterochromatin in the centre of the nucleus, in 
sperm also referred to as the chromocentre 92.
After fusion of mammalian gametes, the start of development is 
characterized by the resumption of meiosis of the arrested second-
ary oocyte and the transformation of the sperm nucleus into the 
male pronucleus (PN) 93, 94. A sea change in paternal chromatin con-
formation takes place directly after oocyte penetration, swiftly re-
sulting in the reestablishment of nucleosomal chromatin 9. During 
the first hours after gamete fusion, the paternal chromatin is not 
yet engulfed by a nuclear membrane. It is only after approximately 
three hours, when the paternal chromatin has expanded once more 
after a period of recondensation, that the nuclear membrane can be 
detected and the male PN is defined 95.
Relatively little is known of the pre-PN phase during which the pa-
ternal genetic contribution becomes intertwined with maternal pro-
cessing. The transformation from the sperm-specific chromatin con-
formation to a somatic-like chromatin architecture is fast. Already 
in G1, paternal chromatin can be triggered to undergo chromosome 
contraction 96. Whether the remaining 1% nucleosomal chromatin 
plays a facilitating role in this reconfiguration is unknown. In human 
sperm telomeres and centromeres contain nucleosomal chromatin 
97, 98, possibly indicating that preservation of nucleosomal domains 
is important. The rapid return of “somatic” chromatin characteris-
tics is also illustrated by the biphasic replication pattern observed in 
the paternal PN during zygotic S-phase, indicating that euchroma-
tin is already distinguished from late replicating heterochromatin 99. 
In somatic nuclei, these types of chromatin differ in histone lysine 
methylation patterns 100. Paternal zygotic chromatin virtually lacks 
all of these post translational modifications (PTMs) 9, 29, 79. 
It has been reported that prior to full decondensation the pater-
101
nal chromatin undergoes rapid acetylation of histone H4 at lysine 5 
indicating that histone acetylation might play an important role in 
early zygotic development 101. To gain a better insight into the nature 
and dynamics of paternal chromatin remodeling in the early zygote, 
we evaluated the appearance of histone PTMs that were known to 
be present during zygotic S phase/G2 phase 102, 103. We observed 
a stepwise appearance of maternally derived histone PTMs in the 
prePN chromatin. In several cases this was followed by a partial or 
complete removal when the PN had formed, which indicated that 
these processes are dynamic and follow a developmental program. 
Furthermore, we identified the chromocentre of the decondensing 
sperm nucleus as a region enriched for modified nucleosomes. It 
is well established that during the first hours after gamete fusion, 
DNA methylation is actively removed from the paternal euchroma-
tin, while being preserved in the heterochromatin 104. We speculate 
that nucleosomal chromatin in the sperm chromocentre facilitates 
the difference in demethylation pattern. 
By revealing the localization of these modified nucleosomes in the 
chromocentre of elongating spermatids and sperm, we demonstrate 
that nucleosomal chromatin originating from the male germline 
contributes to the zygote. Our results increase the notion that sperm 
contributes more than only its genetic content. 
Materials and Methods 
Gamete Collection and IVF 
IVF was performed as described previously 9. Briefly, sperm was obtained 
from CBA/B6 F1 mice (6-20-weeks). Caudae epididymis were partially 
cut open to allow swimming-out of sperm. For capacitation, the sperm 
suspension was transferred to the bottom of a 5 ml tube with HTF 3% 
BSA, including 10 µM adenosine. The sperm suspension was incubated 
at 37°C, 5% CO2 in air for one hour. At 45 min a sperm count was per-
formed. Female B6/CBA F1 mice (4-12 weeks old) were housed with ad-
justed light periods set at 9:00 – 21:00 hours. Superovulation was induced 
by injecting 7.5 U PMSG (Intervet, Boxmeer, The Netherlands) around 
18:00 hours and 7.5 U HCG (Intervet) 48 hours later. Females were sac-
rificed next morning at 9:00 hours. Oocytes were harvested from the 
ampullae and transferred to 50 µl HTF 0.5% BSA droplets covered with 
light mineral oil. Sperm was added to these droplets to a final concentra-
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tion of 1*106 cells/ml.
Timing of zygote development
The timing of gamete fusion and subsequent zygote development in our 
IVF setting has been described earlier 9. Oocyte penetration occurs pre-
dominantly 70 min post insemination (pi). For this study zygotes were 
fixed at four time points pi: 70, 100, 150 and 280 min, respectively. All 
time periods mentioned in this report are corrected for the 70-min lag 
phase.
Antibodies
The following antibodies were used: from Upstate Biotechnology (Lake 
Placid, USA): H3S10ph (06-570; 1:1000 dilution), H3K9K14ac (06-599, 
1:500), H3K18ac (07-354; 1:500), H4K5ac (06-759; 1:50), H4K8ac (06-760; 
1:1000), H4K12ac (06-761; 1:500) and H4K16ac (06-762; 1:500). Antibod-
ies against protamines: HuP1N, HuP2B (R. Balhorn; 1:1000). Antibodies 
#32, #34 and # 36 are monoclonal autoantibodies derived from lupus 
mice: #32 is nucleosome-specific (1:3000) 14, #36 is specific for dsDNA 
(1:800) 105, and #34 is specific for the replication histone H3 variants H3.1 
and H3.2 (1:1500) 9. Furthermore antibodies against HP1-α (P. Singh; 
1:200), HP1-β (P. Singh; 1:100), H3K9me3 and H4K20me3 (T. Jenuwein; 
1:250), Hira, (D34, P. Adams; 1:100) and CREST (P. Burgoyne; 1:5000).
Secondary abs that were used: Molecular Probes, Oregon, USA: A11001 
fluor 488 goat anti-mouse IgG (H+L), A11012 fluor 594 goat anti-rabbit 
IgG (H+L), Sigma: F6258; anti-rat IgG, FITC-conjugated. All were used 
in a 1:500 dilution. All secondary abs were tested for non-specific bind-
ing, which was never observed. 
Immobilization, fixation and immunofluorescence staining of 
zygotes 
Before fixation of the zygotes the zona pellucida was removed using 
acidic tyrode (pH 2.5) containing 1% BSA. Thereafter, cells were im-
mobilized in a fibrin clot 106. Fibrinogen was obtained from Calbiochem 
(cat. nr. 341573) and thrombin was obtained from Sigma (cat. nr. T-6634). 
Cells were fixed in 2% paraformaldehyde (PFA), 0.15% Triton-X-100 for 
30 min. Immunofluorescence (IF) was applied as described before 25. 
Preparation of nuclear spreads from the testis and character-
ization of spermatid stages
Spreads were obtained as described with minor modifications 30. Testes 
of CBA/B6 F1 mice (12 weeks old) were dissected and placed in MEMα-
103
HEPES. After removal of the tunica albuginea, the tubuli were minced 
between two curved forceps. The cell suspension was transferred to a 10 
ml tube filled with MEMα. After a quick spin at 400 rpm (~13.5 g) the 
supernatant was collected in a clean tube and centrifuged for 10 min at 
1000 rpm (~84 g). The supernatant was removed up to ~1 ml, the pel-
let suspended and MEMα added. This step was repeated twice. After 
resuspending the pellet, an equal volume of hypobuffer (17 mM sodium 
citrate; 50 mM sucrose; 30 mM Tris.HCl pH 8.2) was added and cells 
were incubated for eight min followed by centrifugation as before (~1000 
rpm). The supernatant was removed and the pellet was carefully resus-
pended in 1-2 ml 100 mM sucrose. Ten µl of this suspension was applied 
to a PFA coated glass slide (1% PFA, 0.15% Triton-X-100, pH 9.2-9.5). 
The cells were kept for two hours in a humidified atmosphere. After 1.5 
hours the box was opened and slides were washed with 0.08% photoflow 
(Kodak). IF was performed as described above. Because spermatid nu-
clei were observed outside their cellular organization, spermatid develop-
ment steps were appointed according to the criteria of Russell et. al., 107. 
For every ab tested, at least 150 nuclei were evaluated.
Decondensation of mouse caput sperm
The epididymis was cut open and sperm was allowed to swim out in PBS. 
The sperm pellet (3000 rpm, eight min in an Eppendorf bench centri-
fuge) was resuspended in 50 µl PBS (pH 7.0). The suspension was diluted 
1:4 in water and drops of 5 µl were placed on a glass slide and dried. 100 
µl of decondensing mix (freshly prepared 25 mM DTT, 0.2% Triton X-
100, 200 IU heparin/ml (Leo Laboratories) in PBS) was put on top of 
the dried sperm followed by incubation in a humidified atmosphere for 
15-18 min. The speed and degree of decondensation was followed by 
phase contrast microscopy. When the majority of the nuclei appeared dull 
grey with roughly twice the surface area of the undecondensed sperm 
heads, the slide was placed in a coplin jar with 4% PFA in PBS (pH 7) 
for 15 min. Subsequently, slides were washed in PBS and dried. IF was 
performed as described above. For every staining at least 150 nuclei were 
evaluated.
Collection of images
Images were collected with a Zeiss Axioplan fluorescence microscope. 
Pictures were captured by a Zeiss AxioCam MR camera with Axiovision 
3.1 software (Carl Zeiss). Shown images of type a, b, c post-penetration 
sperm nuclei and PNs are either stacks projected into a single image or a 
single slide of a stack. Whenever necessary, images where deconvoluted 
with Metamorph software version 6. 
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Results
Stepwise appearance of histone modifications in the paternal 
chromatin
Using specific antibodies, we determined the appearance of acety-
lated histone H3 and H4 isoforms in paternally derived chromatin of 
the early zygote at four time points after insemination. As described 
earlier 9, we could distinguish three types of paternal nuclei in the 
pre-PN zygote: (1) type a nuclei, which are partially decondensed, 
hence contain both condensed and decondensed chromatin; (2) type 
b nuclei, which are fully decondensed; and (3) type c nuclei, which 
are recondensing (Figs. 1A, 1C, 1D, respectively). Decondensation 
of sperm chromatin always commenced in the posterior and ventral 
parts and spread to the tip, which expanded last (Figs. 1A, B).
H4K8ac
Acetylated histone H4 at K8 was consistently observed from the 
initial stages of sperm chromatin expansion on. Strikingly, in type a 
nuclei this mark was restricted to the centre region (Figs. 1A, B). In 
type b nuclei, H4K8ac localized to the chromocentre (Fig. 1C). To 
confirm this colocalization, we performed double stainings with the 
kinetochore-specific CREST serum. The kinetochores were indeed 
embedded in chromatin regions intensely stained by the H4K8ac ab 
(Figs. 1F-H). This was different from somatic cells, where hetero-
chromatin was characterized by a low abundance of histone acetyla-
tion (Figs. 1I-I”). The restricted localization in type a and b nuclei 
was masked after full decondensation due to increasing levels of 
maternally derived H4K8ac (Fig. 1D). The global localization of 
H4K8ac became more restricted after formation of the PN, when 
the signal disappeared from heterochromatin areas surrounding 
prenucleoli 108 (Fig. 1E).
H4K12ac
Overall, in the pre-PN phases, a steady increase of the signal for 
H4K12ac was observed (Figs. 1J-M). In the early decondensing re-
gions, the signal was already detected (Fig. 1J). In type b nuclei a 
prominent appearance of H4K12ac was observed in the posterior 
rim and, to a lesser extent, in the chromocentre (Fig. 1K). The sig-
nal was always less intense or even absent in the anterior regions of 
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early type b nuclei (Fig. 1K). A steady increase of signal intensity, 
however, could be detected in these regions at a later stage (Fig. 1L). 
During recondensation of the sperm chromatin, H4K12ac was ho-
mogeneously present (Fig. 1M). In the PN, H4K12ac, alike H4K8ac, 
disappeared from the peri-prenucleolar chromatin (Fig. 1N).
Maternally derived, newly incorporated histone H4, acetylated at 
K5 and K12 109, provides an opportunity to distinguish deposited 
maternal nucleosomes from paternal ones that lack these marks. In 
order to detect chromatin regions populated by paternally derived 
nucleosomes, we performed double stainings with a nucleosome-
specific ab (#32) combined with the H4K12ac ab. Indeed, at the 
earliest phase of decondensation, we could observe regions contain-
ing nucleosomal chromatin that was not acetylated at K12 (Fig. 1O). 
However, the subsequent appearance of H4K12ac obscured these 
regions quickly (Fig. 1P). 
H3S10ph, H4K16ac, H3K9K14ac and H3K18ac
With regard to time of appearance, di-acetylated histone H3 at K9 
and K14 (H3K9K14ac), acetylated histone H3 at K18 (H3K18ac), 
acetylated histone H4 at K16 (H4K16ac) and phosphorylated histone 
H3 at S10 (H3S10ph) were distinct from H4K8ac and H4K12ac, since 
they were not observed in type a nuclei (data not shown). H3S10ph 
and H4K16ac were first observed at complete decondensation (type 
b nuclei) around 30 min after gamete fusion. The marks localized to 
the periphery and chromocentre of the type b decondensing sperm 
nucleus (Figs. 2A-A’ and 2D-D’). In time, the signal for both marks 
progressed until it covered the entire paternal chromatin (Figs. 2B-
B’ and E-E’). A rapid decline of signal for the two marks was ob-
served at PN formation. For H3S10ph, the overall signal decreased 
and bright foci were left (Figs. 2C-C’). Finally, this mark completely 
disappeared when prenucleoli were pronounced, approximately 210 
min after gamete fusion. At this stage, H4K16ac had not vanished 
totally, but was present in a more granular pattern (Figs. 2F-F’). We 
observed a synchronized appearance of H3K9K14ac and H3K18ac 
shortly after H3S10ph and H4K16ac became detectable. These his-
tone PTMs did not concentrate in the chromocentre but were ini-
tially observed faintly throughout the sperm chromatin (Figs. 2G-G’ 
and 2J-J’). In type c nuclei these marks were more abundant (Figs. 
2H-H’ and 2K-K’). 
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Figure 1 Localization of H4K8ac and H4K12ac in the zygotic male 
chromatin
A-E Localization of H4K8ac in type a nuclei (A, B; n=19), type b nuclei 
(C; n=47), type c nuclei (D; n=17) and in the PN (E; n=52) (see results 
section for the description of a, b and c stages). DAPI is pseudo-coloured 
107
red and H4K8ac is depicted in green. All pictures are cutouts from whole 
zygote images. Rapidly after the fusion of oocyte and sperm, deconden-
sation of the nucleus starts. This caused the rim of the sperm nucleus to 
blur (compare DAPI staining inset in A of a sperm nucleus (left) with the 
decondensing sperm nucleus (right)). This process was always first ob-
served in the posterior and centre regions, indicated in A with an asterisk 
and an arrow, respectively. The left inset in A also illustrates the localiza-
tion of the chromocentre. In the PN (E), H4K8ac was reduced in the 
heterochromatic regions around the prenucleolus (denoted by asterisk). 
The left PN is the paternal one, the right PN is maternal.
F-H The H4K8ac positive domain embeds the centromeres in type b 
nuclei. Double staining with the kinetochore CREST ab in red and α-
H4K8ac in green. DAPI is pseudo-coloured blue (n=8 ).
I-I” Enrichment for H4K8ac in heterochromatin is a-typical. In somatic 
mouse follicle cells, heterochromatin domains are DAPI bright (I). These 
regions contained low levels of H4K8ac (I’). 
J-N Localization of H4K12ac in type a sperm nuclei ( J; n=28), type b nu-
clei (K, L; n=43), type c nuclei (M; n=14) and in the early PN (N; n=18). 
DAPI is pseudo-coloured red and H4K12ac green. Alike H4K8ac, this 
mark was present as soon as technically could be observed. In contrast 
to H4K8ac, it spread across the decondensing sperm chromatin imme-
diately ( J,K,L). In the PN, H4K12ac was reduced in the heterochromatic 
regions around the prenucleolus (denoted by asterisk). The left PN is the 
paternal one, the right PN is maternal.
O-O”, P-P” Double staining with a nucleosomal ab (#32) and H4K12ac 
ab to pinpoint regions populated by paternally derived nucleosomes 
(n=12). Localization of nucleosomes (O’, P) and H4K12ac (O”, P”) in 
type a nuclei (O, P’, merge with DAPI pseudo coloured blue, the nucleo-
somal ab in green and H4K12ac in red). The progression of chromatin 
decondensation was clearly visible when comparing (O), which only un-
derwent some posterior decondensation and (P), where decondensation 
was clearly more advanced in the posterior region and was also observed 
in the mid-ventral region. The arrow in O-O” points at a region where 
nucleosomes are present without H4K12ac acetylation. Bar represents 10 
µm.
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This increase continued throughout PN formation (Figs. 2I-I’ and 
2L-L’). 
Localization of nucleosomes, protamines, modified histones 
H3 and H4, and HP1 during spermiogenesis
As described above, H4K12ac and especially H4K8ac were observed 
immediately after gamete fusion. We investigated the possibility of 
their presence in the sperm nucleus prior to fertilization. To this end, 
spreads were made from mouse spermatogenic cells and used for IF 
staining. Since progressive compaction of sperm chromatin during 
spermiogenesis is likely to interfere with penetration of antibodies, 
we investigated until which morphological nuclear step IF detection 
was feasible. By staining with a dsDNA ab (#36), we observed lack 
of signal in the anterior region of a nuclear morphology, roughly 
coinciding with step 12 (Supplementary Fig. 1) but not in preced-
ing nuclear forms. The partial penetration of elongated spermatids 
by the dsDNA ab reflected the progression of nuclear remodeling 
along the anterior-posterior axis 110. Since DAPI has a preference for 
AT-rich sequences, as mouse centric DNA is, these domains were 
more brightly stained. 
Nucleosomes and protamines
Staining of elongating spermatids with a nucleosome-specific ab 
(#32) visualized the process of their removal. It also revealed a 
gradually appearing difference between euchromatin and hetero-
chromatin. At morphologies representative for step 9, nucleosomes 
were generally evenly present (Figs. 3A-A”). In more differentiated 
spermatids, a selective reduction of the overall signal was observed. 
Regions with a higher intensity colocalized with the chromocentre, 
whereas nucleosome levels in the surrounding chromatin were great-
ly diminished (Figs. 3B-B”). Staining with the dsDNA ab showed a 
relatively homogeneous signal in elongating spermatids with a cor-
responding morphology (Supplementary Fig. 1). The higher concen-
tration of nucleosomes in the chromocentre is therefore not due to 
an elevated DNA concentration.
During further differentiation, a progressive reduction of nucleo-
somes was observed. However, even in step 11 spermatid nuclei a 
signal could still be observed in the chromocentre (Figs. 3C-C”). 
This also applied to the posterior region of the nucleus (Figs. 3C-
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Figure 2 Localization of H3S10ph, H4K16Ac, H3K9K14ac and 
H3K18ac in the zygotic male chromatin
A-C, A’-C’ DAPI and corresponding α-H3S10ph staining in type b 
sperm nucleus (2A and A’; n=17), type c sperm nucleus (2B and B’; n=16) 
and in the PN (2C and C’; n=25). H3S10ph had completely disappeared 
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when prenucleoli had formed.
D-F, E’-F’ DAPI and corresponding α-H4K16ac staining in type b sperm 
nucleus (2D and D’; n=16), type c sperm nucleus (2E and E’; n=13) and 
in the PN (2F and F’; n=12).
G-I, G’-I’ DAPI and corresponding α-H3K9K14ac staining in type b 
sperm nucleus (2G and G’; n=25), type c sperm nucleus (2H and H’; n=9) 
and in the PN (3I and I’; n=15).
J-L, J’-L’ DAPI and corresponding α-H3K18ac staining in type b sperm 
nucleus (3J and J’; n=10), type c sperm nucleus (3K and K’; n=7) and in 
the PN (3L and L’; n=12). In all cases, the left PN is the paternal one, the 
right PN is maternal. Bar represents 10 µm.
C”). Since chromatin remodeling proceeds in the anterior-posterior 
axis, this may be expected. 
To establish whether the nucleosomes observed in the chromocen-
tre were newly deposited onto the DNA, we investigated whether 
de novo nucleosome deposition took place. Since DNA replication 
does not occur during spermiogenesis, all newly deposited nucleo-
somes will involve the histone chaperone Hira, which specifically 
deposits histone H3.3-H4 dimers on the DNA 16. Staining with a 
Hira-specific ab revealed that this protein is not present in elongat-
ing spermatid nuclei, which implies the lack of de novo nucleosome 
deposition (data not shown).
The presence of nucleosomes in the chromocentre should lead to a 
lower protamine (Prm) content in this region, since they compete 
for DNA binding. Indeed, staining with Prm1 and 2-specific abs 
revealed a reduced signal in the chromocentre (Figs. 3D-D”). 
Acetylated isoforms of histone H4
At initial stages of nuclear elongation, a homogeneous localization 
of H4K5ac, K8ac, K12ac and K16ac throughout the spermatid nu-
cleus was observed (Figs. 4.1A-A”, D-D” and Supplementary Fig. 
2) as has been described for whole mount seminiferous tubuli ear-
lier 110. At later stages (morphological steps 10-11) however, H4K5ac 
and H4K16ac were severely reduced or had completely disappeared 
(Figs. 4.1E-E”; F-F” and Supplementary Fig. 2). H4K8ac and K12ac 
exhibited the same behaviour as nucleosomes and were lost from 
euchromatin but retained in the chromocentre and the posterior 
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region (Figs. 4.1A-C” and Supplementary Fig. 2). 
H3K9me3, H4K20me3 and HP1
In a previous study 9, we did not detect the characteristic hetero-
chromatin marks H3K9me3 and H4K20me3 in pre-PN stage pa-
ternal zygotic chromatin. H3K9me3 serves as a binding site for 
HP1, a protein also able to bind to itself, thereby inducing chro-
matin compaction 111. Absence of these marks in type a and b zy-
Figure 3 Localization of 
nucleosomes and prot-
amines in spermatids The 
left column depicts DAPI, 
the middle column ab stain-
ing and the right column the 
merged image. DAPI is pseu-
do-coloured red, the ab signal 
is in green.
A-C” Localization of nucleo-
somes by ab #32 in sperma-
tids in advancing stages of 
condensation. A relative en-
richment of nucleosomes in 
the chromocentre could be 
observed. In A-A” (morphol-
ogies representing steps 9/10) 
DAPI-bright regions did not 
necessarily colocalize with 
bright ab staining. In later 
stages (morphology step 10), 
there is a clear colocalization 
of the two (B-B”). After further advancement of chromatin condensa-
tion (morphology step 11) nucleosomes could still be observed in the 
chromocentre (C-C”). Inset is a magnification of the nucleus marked 
with an asterisk.
D-D” Localization of both Prm1 and Prm2 in elongating sperm nuclei 
in morphology step 10. A lower concentration of protamines was ob-
served in the chromocentre, most likely the result of the presence of nu-
cleosomal bound DNA. A mixture of both abs was used. Bar represents 
10 µm.
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gotic sperm chromatin indicated that these were removed from 
heter chromatin during spermiogenesis. Since this did not seem to 
be the case for H4K8ac and K12ac, we determined when these het-
erochromatin markers were lost from spermatid nuclei. H3K9me3 
and H4K20me3 were clearly present in spermatids after the onset 
of elongation (Figs. 4.1G-G” and Supplementary Fig. 3). A clear 
colocalization of both marks with the DAPI bright chromocentre 
was observed. With progression of elongation, intensity levels were 
reduced. At morphologies around step 11, signals for both marks 
were highly reduced or virtually absent, following the same dynam-
ics as H4K5ac and H4K16ac. HP1-α was lost from spermatid nu-
clei prior to the appearance of tri-methylations (data not shown), 
whereas HP1-β quickly disappeared after the onset of spermatid 
nuclear elongation (Supplementary Fig. 3), but a faint signal could 
be observed in spermatids that had progressed to morphology step 
12. This fits with the reported presence of HP1-β in mouse sperm 
as determined by Western blot analysis 112. 
 
Localization of nucleosomes, H4K8ac and H4K12ac in mature 
sperm
To be certain that nucleosomes and modified histone H4 were also 
present upon completion of spermiogenesis, we analyzed gametes 
derived from the caput epididymis. After in vitro chromatin decon-
densation, a prominent signal in the anterior central region of the 
nucleus was observed for nucleosomes, H4K8ac and H4K12ac (Figs. 
4.2A-C). In all cases, the signals colocalized with the chromocentre. 
These results resemble our observations in late elongating sperma-
tids. Occasionally, the nucleosome-specific ab also stained the rim 
of the sperm nucleus, possibly reflecting the findings of Pittoggi et. 
al.113. The posterior localization of nucleosomes in spermatid nuclei 
(Figs. 3C-C”) was not observed in sperm nuclei, which may indicate 
their eventual removal during spermiogenesis. 
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Figure 4.1 Localization of H4K8ac, H4K16ac and H3K9me3 in 
spermatid nuclei 
The left column depicts DAPI, the middle column ab staining and the 
right column the merged images. DAPI is pseudo-coloured red, the ab 
signal is in green.
A-C” Localization of H4K8ac in spermatids in advancing stages of 
elongation. Higher H4K8ac levels were sometimes observed in regions 
encompassing euchromatin and heterochromatin in morphologies rep-
resenting step 10, (A-A”). Later on the signal was concentrated in the 
chromocentre, though the colocalization was not absolute in morpholo-
gies representing step 11 (B-B”). In spermatids that experienced further 
nuclear condensation (morphologies representing step 12 and beyond) 
signal was mainly observed in the posterior region but also in the more 
anteriorly localized chromocentre (C-C”). Inset is a magnification of 
the nucleus marked with an asterisk. A similar pattern was observed for 
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Discussion
Centric DNA in sperm is enriched for nucleosomes
In mouse sperm, about 1% of the DNA is wrapped around nucleo-
somes (R. Balhorn, personal communication). These nucleosomes 
are not randomly distributed over the sperm DNA. In a previous 
report, it was shown that retroposon sequences show enrichment 
for nucleosomes and that these sequences are localized in the nucle-
ar periphery 113. Here we describe a clear enrichment of nucleoso-
mal chromatin in centric “heterochromatin” DNA of mouse sperm 
(Fig. 4.2). Pittogi and coworkers communicated that their fraction 
of DNA in a nucleosomal conformation did not exceed 0.1% 113. We 
propose, therefore, that a major portion of the remaining nucleoso-
mal chromatin in mouse sperm is contained in the centric hetero-
chromatin. 
H4K12ac (Supplementary Fig. 2).
D-F” Localization of H4K16ac in spermatids in advancing stages of 
elongation. Initially H4K16ac was observed homogeneously throughout 
the spermatid nucleus (morphologies representing steps 9/10, D-D”). In 
spite of progressive condensation (E-E”), the signal was slightly reduced, 
indicating removal of this mark. At a later stage (morphologies represent-
ing step 11), when ab penetration was still possible, the mark had disap-
peared (F-F”). A similar pattern was observed for H4K5ac (Supplemen-
tary Fig. 2).
G-I” Localization of H3K9me3 in spermatids in advancing stages of 
elongation. A clear colocalization of this mark with the chromocentre 
was observed in all stages (morphologies representing steps 9/10; G-G” 
and 10; H-H”). Reduction of the signal was apparent with increase of 
condensation (morphologies representing steps 10/11; I-I”). A similar 
pattern was observed for H4K20me3 (Supplementary Fig. 3). Bar repre-
sents 10 µm.
Figure 4.2. Localization of nucleosomes, H4K8ac and H4K12ac in 
sperm nuclei
Localization of nucleosomes (A, A’), H4K8ac (B, B’) and H4K12ac (C, 
C’) in artificially expanded sperm nuclei derived from the caput epididy-
mis. Signal was observed in the chromocentre. DAPI is pseudo-coloured 
red, the ab signal is in green. Bar represents 10 µm.
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Hypoacetylation of histone H4 correlates with nucleosome re-
tention
During mouse spermiogenesis, histones are stepwise replaced by 
protamines (for a review 114). We observed that nucleosome den-
sity in euchromatin was declining faster than in the chromocentre 
where nucleosomes can still be detected when nuclear elongation 
proceeds (Figs. 3A,B). Since de novo nucleosome assembly does not 
take place, these nucleosomes must be retained from the original 
chromatin. A similar pattern of selective preservation during sper-
miogenesis was observed for two specific acetylated H4 isoforms, 
H4K8ac and H4K12ac. Whereas H4K5ac and H4K16ac eventually 
disappeared completely from the spermatid chromatin, H4K8ac 
and H4K12ac levels were drastically, but not entirely, reduced and 
restricted to the chromocentre and posterior region (Fig. 4 and 
Supplementary Fig. 2). Like the retained nucleosomes, these his-
tone PTMs are set prior to the onset of nucleosome eviction since 
histone acetylation does not take place in condensing spermatids 
110. Hyperacetylation of the nucleosome and especially histone H4 
is well documented during spermiogenesis and has been observed 
in several species 114. Acetylation partially neutralizes the positive 
charge of the histone tail and will therefore weaken DNA-nucleo-
some and nucleosome-nucleosome interactions, inducing a more 
open chromatin structure 115, which may then facilitate removal of 
nucleosomes and subsequent replacement by protamines 116. On 
the protein level, it has been shown that Brdt, identified as a testis-
specific chromatin reorganizer, needs a certain degree of histone 
acetylation for proper function 117. If hyperacetylation is beneficial 
for nucleosome eviction, a hypoacetylated state might help to retain 
nucleosomes. Notably, nucleosomes in the chromocentre and the 
posterior region of the spermatids were not hyperacetylated (lack-
ing at least H4K5ac and H4K16ac; Fig. 4F and Supplementary Fig. 
2C). However, nucleosomes disappeared from the posterior region 
of the nucleus, indicating that hypoacetylation alone is not sufficient 
for retention in the chromocentre. It has been shown that also the 
higher AT content of centric heterochromatin contributes to intrin-
sic nucleosome stability 118. Possibly, the accumulative effect of a 
lower acetylation level and a more stable nucleosome conformation 
hampers nucleosome disassembly, resulting in nucleosome retention 
in the chromocentre.
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Potential role of transmitted male nucleosomes
When premature chromosome condensation is induced in G1 pro-
nuclear zygotes, the paternal and maternal chromatin is reconfig-
ured into mitotic chromosomes 96, displaying centric heterochroma-
tin. Apparently, chromosome architecture is already reestablished 
during zygotic G1. Structural domains as telomeres, centromeres 
and centric heterochromatin have distinct roles in chromosomal or-
ganization. Manipulation of these domains, if at all possible, often 
results in genome instability 119, 120. Remarkably, telomeres and cen-
tromeres are reported to be arranged into nucleosomal chromatin 
in human sperm 97, 98. The localization of telomeres in the nucleo-
some-rich nuclear periphery in mouse sperm 92 and the presence 
of the kinetochore-specific CREST signal in the chromocentre of 
elongating spermatids (data not shown) and shortly after gamete fu-
sion  suggest a similar organization in mouse. Hence, also in mouse 
sperm it seems that structurally important chromosome domains 
maintain to some degree a nucleosomal chromatin conformation.
 The organization of telomeric and centric DNA into nucleo-
somes could serve as a chromatin blueprint, directing the remodel-
ing machinery by supplying a nucleosomal template. Additionally, 
the presence of acetylated lysines in the histone tails - e.g., H4K8ac 
and H4K12ac - could provide an incentive for binding chromatin 
remodellers via their bromodomains, typically contained in chro-
matin-associated proteins 121. It has been that shown that telomere 
length is pivotal for proper early zygote development 122. When 
sperm of 3rd generation telomerase knock out males fertilize wild 
type oocytes, a high percentage of zygotes fails to undergo cleavage. 
In these zygotes, the sperm nucleus does not decondense, imply-
ing a structural role for telomeres during early sperm chromatin 
remodeling. The complex nature of centric heterochromatin and 
centromeres will make it difficult to determine whether this also 
applies to them. The finding by Santos et. al., 104 that centric DNA 
is protected from genome-wide active demethylation upon gamete 
fusion, suggests inherited modified nucleosomal chromatin to act as 
a protective barrier. In agreement with this is the recent observation 
that CpG methylation levels of paternal PNs derived from injected 
round spermatids, which possess only nucleosomal chromatin and 
have high H4K8ac and H4K12ac levels (data not shown), are much 
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higher than CpG levels of PNs derived from injected sperm 123.
Acetylation of paternal chromatin post-gamete fusion occurs 
in a stepwise fashion
Histone PTMs in the paternal chromatin prior to PN formation - 
i.e., the acetylations investigated here - evolve in three phases. 
The transmission of H4K8ac and H4K12ac from the sperm con-
stitutes the first phase. For H4K8ac, we unambiguously showed its 
transfer from the sperm nucleus to the zygote (Figs. 1A, B and Figs. 
4.2B, B’). This is very likely also the case for H4K12ac, since it is 
present in the chromocentre of caput sperm (Fig. 1J and Figs. 4.2C, 
C’). The reason why during male chromatin decondensation, the 
H4K12ac paternal modification cannot be distinguished from mod-
ification by the oocyte, is the second phase that involves the deposi-
tion of maternally derived histones. Prior to deposition, histone H4 
becomes acetylated at K5 and K12 109. Therefore, histone deposition 
will consequently obscure detection of H4K12ac-labelled paternally 
derived nucleosomes. Our earlier observation that maternal nucleo-
some deposition commences immediately after decondensation 9 is 
in concordance with the synchronous accumulation of H4K5ac 101 
and H4K12ac (this study). It has been proposed 101 that chromatin of 
type a sperm nuclei is hyperacetylated as indicated by the presence 
of H4K5ac. Although this may hold for somatic chromatin in in-
terphase or mitosis, in the decondensing sperm chromatin H4K5ac 
and H4K12ac are hallmarks of histone deposition and therefore pre-
cede subsequent acetylation or deacetylation events. 
The third event occurs after full decondensation: H3K9K14ac, 
H3K18ac, H4K8ac and H4K16ac appear more or less synchronized 
(Figs. 1C and 2D’,G’,J’). A steady increase results in their homo-
geneous presence when recondensation commences (Figs. 1D and 
2E’,H’,K’ and for a schematic overview Fig. 5).
A possible function for hyperacetylation of paternal chroma-
tin
Chromatin remodeling in elongating spermatids and in sperm nuclei 
after gamete fusion does involve similar histone PTMs, notwith-
standing that the endpoints are opposite (i.e., from nucleosomes 
to protamines and vice versa). Both phases are characterized by a 
temporary hyperacetylated chromatin state. As mentioned earlier, in 
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spermatid nuclei this is thought to facilitate chromatin remodeling 
by decreasing nucleosome-DNA and nucleosome-nucleosome inter-
actions. Possibly, the physical changes conferred on nucleosomes 
by hyperacetylation facilitate fine-tuning of nucleosome position or 
density after their assembly. In general, acetylation of histone tails is 
associated with an enhanced transcriptional activity 124. Transcrip-
tional activity in the male PN starts in mid S phase, about six hours 
after PN formation 125. Since histone acetylation has a high turnover 
126, a relation between early paternal chromatin acetylation and tran-
scription status is disputable. 
Phosphorylation of paternal histone H3 at serine 10, a con-
served phenomenon
As in mouse, H3S10ph is also rapidly observed in Xenopus sperm 
after decondensation in egg extract 127, indicating that this phos-
phorylation event is evolutionary conserved. A function in chro-
matin condensation at mitosis has frequently been implied for this 
mark although mutation of S10 does not affect this process 127. Phos-
phorylation of S10, therefore, does not cause chromatin conden-
sation but seems to be a consequence 128. In the paternal zygotic 
chromatin, H3S10ph is homogeneously present when recondensa-
tion has started (Fig. 2B), again correlating chromatin condensation 
with this mark. An explanation for the appearance of H3S10ph may 
be found in the fact that the sperm decondenses in a situation where 
Maturation Promoting Factor (MPF) is still present, until its activ-
ity decreases as a consequence of the end of telophase II 129. At that 
stage, a rapid maternal H3S10 dephosphorylation is observed (data 
not shown), while the paternal chromatin is accumulating this mark 
(Figs. 2A-B’). Maybe the paternal H3S10ph mark symbolises the 
end of meiotic activity: it is rapidly removed at nuclear expansion 
due to PN formation (Fig. 2C).
Reestablishing the euchromatin-heterochromatin partition 
through localized deacetylation
After PN formation, loss of H4K8ac and H4K12ac is specifically 
observed in the centric chromatin (Figs. 1E and N). A potential 
role for this partial loss of H4K8ac and H4K12ac might be found 
in reestablishing the euchromatin-heterochromatin partition. Since 
the level of nucleosome acetylation has a direct effect on replication 
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timing of DNA - lower acetylation levels delay and high levels stim-
ulate replication 130 - it is to be expected that these hypoacetylated 
chromatin domains will undergo delayed DNA replication. Centric 
DNA is typically late replicating in somatic cells. Although the male 
PN lacks most important hallmarks of heterochromatin 9, 29, 79, in S 
phase in the mouse, zygote replication of euchromatin regions is fol-
lowed by replication of heterochromatin domains 99. Since methyl-
ated CpGs are capable of recruiting HDAC containing complexes 131 
the deacetylation of the paternal heterochromatin could be related 
to the retained CpG methylation in the heterochromatin 104. Thus, 
a decrease in acetylation of the zygotic paternal centric chromatin, 
Figure 5 Schematic overview of chromatin dynamics during sper-
miogenesis and in the early zygote
Presence of nucleosomes and PTMs during spermiogenesis, in sperm 
from the caput epididymis and in the early zygote up to 280 min post 
insemination (~3.5 hrs after gamete fusion) is indicated with black bars. 
HC = heterochromatin, EC = euchromatin. * as shown in Adenot et. 
al., 1997. ** Since these histone PTMs were not detected in type a sperm 
nuclei, we did not determine their dynamics in spermiogenesis and caput 
sperm.
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possibly mediated through CpG methylation, will establish a somat-
ic-like replication pattern. This separation in time of euchromatin 
and heterochromatin replication is expected to allow their further 
maturation by differential composition of the replication machinery 
132. 
In summary, we show that centric heterochromatin is inherited 
from the father and is characterized by the presence of H4K8ac and 
H4K12ac. We propose this to be of significance for the reconstitu-
tion of soma-like male chromosomes after gamete fusion and possi-
bly also for the conservation of CpG methylation. Furthermore, the 
dynamics of maternally derived histone PTMs indicate a facilitating 
role of hyperacetylation for chromatin remodeling in the pre-PN 
paternal chromatin while hypoacetylation of centric heterochroma-
tin observed after PN formation could establish the euchromatin-
heterochromatin partition as expressed by replication kinetics.
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Supplementary 
figure 1 Penetration of elon-
gating spermatids for IgG ab 
(#36) recognizing dsDNA
A) Morphologies representing 
steps 9/10
B) Morphologies representing 
steps 10/11
C) Morphologies representing 
step 11 and beyond
Supplementary Figure 2 Localization of H4K5ac and H4K12ac in 
spermatids in advancing stages of elongation
A) Morphologies representing steps 9/10
B) Morphologies representing step 10
C) Morphologies representing steps 10/11 
D) Morphologies representing step 10
E) Morphologies representing steps 10/11
F) Morphologies representing step 11 and beyond
Supplementary data section 2.2
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Supplementary Figure 3 Localization of H4K20me3 and HP1-β in 
spermatids in advancing stages of elongation
A) Morphologies representing steps 9/10
B) Morphologies representing step 10
C) Morphologies representing steps 12 and beyond
D) Morphologies representing steps 9/10
E) Morphologies representing step 10
F) Morphologies representing steps 11 and beyond
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Abstract
About 15% to 30% of the DNA in human sperm is packed in nu-
cleosomes and transmission of this fraction to the embryo poten-
tially serves as a mechanism to facilitate paternal epigenetic pro-
grams during embryonic development. However, hitherto it has not 
been established whether these nucleosomes are removed like the 
protamines or indeed contribute to paternal zygotic chromatin. To 
clarify the fate of sperm-derived nucleosomes we have used the de-
position characteristics of histone H3 variants from which follows 
that H3 replication variants present in zygotic paternal chromatin 
prior to S-phase originate from sperm. We have performed heterol-
ogous ICSI by injecting human sperm into mouse oocytes. Probing 
these zygotes with an antibody highly specific for the H3.1/H3.2 
replication variants showed a clear signal in the decondensed human 
sperm chromatin prior to S-phase. In addition, staining of human 
multipronuclear zygotes also showed the H3.1/H3.2 replication vari-
ants in paternal chromatin prior to DNA replication. These findings 
reveal that sperm-derived chromatin contributes to paternal zygotic 
chromatin. Hence, the execution of epigenetic programs originating 
from transmitted paternal chromatin during subsequent embryonic 
development is a logical consequence of this observation.
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Introduction
A hallmark of spermiogenesis is the transformation of the chro-
matin of the germ cell. In elongating spermatids nucleosomes are 
replaced by transition proteins, which are subsequently replaced by 
protamines. The protamine-based chromatin allows a dense pack-
ing of the DNA, which facilitates its protection and transportation 
to the oocyte (see for a review 114). The replacement of nucleosomes 
by protamines is frequently observed throughout the animal king-
dom 133, though the degree of this chromatin substitution varies 
among species. Protamination in mouse and boar is almost com-
plete and only an estimated 1% of the total DNA in mouse sperm 
cells remains nucleosome bound, whereas in human sperm this is 
estimated to be about 15% 134-136. Characterisation of the histones 
in human sperm identified H2A, H2AX, H2AZ, H2B, H3.1, H3.3, 
CenH3 and H4 135, 137. Analysis of the preferential chromatin confor-
mation (nucleosome and/or protamine based) of several genes and 
structural elements in human sperm showed limited differences be-
tween sperm of one individual, but also between sperm of different 
individuals 138-140. This sequence-specific chromatin conformation 
has been suggested to facilitate transcriptional activation of pater-
nal genes in early embryogenesis and enable the three-dimensional 
organization of the sperm nucleus 137-139. However, whether sperm- 
derived nucleosomes contribute to zygotic chromatin, a necessity to 
enable such epigenetic programs, or are removed during the exten-
sive chromatin remodelling occurring after gamete fusion 9, 141 has 
hitherto not been established. However, roles for the maintenance 
of imprinting, as speculated by 32 has recently been illustrated in 
Arabidopsis, where, contrary to the zygote proper, a paternal-spe-
cific H3.3 isoform is maintained in the endosperm, the plant tissue 
where imprinting pays a role 142
Therefore, we set out to detect histones of sperm origin in paternal 
zygotic chromatin. Since deposition of maternally derived histones 
takes place immediately after gamete fusion 9, sperm-derived his-
tones, if retained, become indistinguishable from maternal ones. To 
circumvent this problem we used the difference in deposition char-
acteristics of the histone H3 variants. The histone H3.1/H3.2 (the 
replication variants) are assembled into nucleosomes when DNA 
replication occurs, in contrast to histone H3.3, which is only in-
corporated outside the context of DNA replication 8. Deposition of 
129
maternal H3.1/H3.2 starts at the onset of zygotic S-phase, which 
commences approximately 8 hours after insemination in human zy-
gotes 143. Therefore, all H3.1/H3.2 present in the paternal chromatin 
prior to S-phase must originate from the male germ line. 
 
Materials and Methods
Sperm decondensation in vitro
Sperm head decondensation was achieved by incubation of sperm sample 
in PBS containing 0.2% Triton X-100, 100 IU heparin (Leo Laboratories) 
and 2.5 mM DTT at room temperature. In order to obtain more than 
80% decondensed heads per sample, incubation time varied between 10 
to 15 minutes. The decondensation process was stopped by immersing 
the glass slides in 4% paraformaldehyde (PFA) for 15 minutes. Slides 
were then washed twice in PBS and allowed to dry.
Preparation of Cryo-preserved human sperm for heterologous 
ICSI
Cryo-straws containing 500 µl sperm suspension were thawed at room 
temperature and 1000 µl HTF-HEPES was added and gently mixed. The 
content was transferred to an eppendorf vial and centrifuged for 5 min-
utes at 500 xg. Subsequently the supernatant was discarded and the pellet 
was gently dissolved in HTF-HEPES and kept at room temperature.
 
Preparation of mouse oocytes for heterologous ICSI
B6D2 F1 females (Charles River, Sulzfeld, Germany) were used as oo-
cyte donors and were kept in an adjusted light schedule, set at 9.00 am 
- 9.00 pm. Superovulation was induced by i.p. injection of 7.5 IU pregnant 
mare’s serum gonadotrophin (PMSG, Intervet, Boxmeer, The Nether-
lands) around 9 pm, followed by 7.5 IU hCG (Intervet) after 48 h. Oo-
cytes were harvested from the oviducts 13 h after administration of hCG 
and stored without cumulus cells at 37°C for up to 5 h in complemented 
Mem-a144.
 
Heterologous intra cytoplasmic sperm injection
Microinjection was performed as described in 145 and 144 with some adap-
tations. The temperature in the injection droplet was kept at 24° C. For 
each ICSI experiment cryo-preserved sperm samples were freshly pre-
pared (see above). Each injection round a sperm aliquot was transferred 
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to medium containing 12% polyvinyl pyrrolidone. Sperm were selected 
for normal morphology and motility. After injection, oocytes were kept 
on the injection platform for 5 minutes, then gradually warmed to 37°C 
and placed in culture medium at 37°C, 5% CO2 in air 
144.
Immobilization, fixation and immunofluorescence staining of 
mouse zygotes 
Prior to fixation of the zygotes the zona pellucida was removed with 
acidic tyrode (pH 2.5) containing 1% BSA. Thereafter, cells were im-
mobilised in a fibrin clot 106. Fibrinogen was obtained from Calbiochem, 
cat. nr. 341573; Thrombin was obtained from Sigma, cat. nr. T-6634. 
Cells were fixed in 2% PFA, 0.15% Triton X-100 for 30 minutes, followed 
by incubation in ice-cold methanol for 10 minutes. Immunofluorescence 
was performed as described previously 9.
 
Antibodies
The monoclonal antibody #34 was used at a dilution of 1:1500 to detect 
H3.1/H3.2 (for characterisation see 9). Polyclonal rabbit Pan-H3 (Abcam 
ab1791) was used at a dilution of 1:500. To unmask the epitope for the 
pan-H3 antibody slides were first incubated in 4 M HCl for 6 minutes 
prior to blocking, after which slides were extensively washed in PBS.  Pri-
mary antibodies were detected by Molecular Probes A11001 fluor 488 
goat anti-mouse IgG (H+L) and A11012 fluor 594 goat anti-rabbit IgG 
(H+L). Both were used in a 1:500 dilution. 
Collection and fixation of human polypronuclear zygotes
Polypronuclear zygotes, i.e. zygotes that show three or more pronuclei 
after insemination instead of the expected two, are considered to be non-
diploid and are therefore never transferred to the uterus in a human IVF 
setting. Polypronuclear zygotes used in this study were obtained from 
couples undergoing routine IVF procedures at the Erasmus MC in the 
period between June and September 2005. This study was approved by 
the Dutch Central Committee on Research involving Human Subjects 
(CCMO) and the local ethics review committee of the Erasmus univer-
sity medical center. Human zygotes were produced by conventional in 
vitro fertilization (IVF) or after intracytoplasmic sperm injection (ICSI) 
146, 147. After IVF, remaining cumulus cells and sperm cells were re-
moved from the oocytes by gentle aspiration ~7 hrs after insemination 
and oocytes were moved to fresh drops of culture medium. All oocytes 
after both IVF and ICSI were checked hourly until 10 hrs past insemina-
tion for the appearance of pronuclei. To ensure that zygotes were fixed 
before the onset of S-phase, they were collected as soon as more then two 
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clearly discernible pronuclei were observed. Before fixation, zona pellu-
cida were removed from zygotes by pronase treatment (0.5% in HEPES-
buffered medium). Immobilization and fixation occurred as described 
above. After washing in PBS, fixed zygotes were either stored at 4ºC in 
PBS containing 10% normal goat serum and 0.05% NaN3 or frozen in 
culture medium containing 1.5 M DMSO.
Results
Presence of histone H3 in human sperm
Both the replacement and replication variants are detected in sperm 
by HPLC analysis 135. To visualize histone H3 in sperm by immuno-
fluorescence, we decondensed the cells by incubation with a mixture 
containing heparin and DTT. The dense structure of sperm chro-
matin does not allow antibody penetration without this treatment. 
Staining of decondensed sperm with the pan-H3 and H3.1/H3.2 
antibodies showed a relatively homogeneous signal for both (see fig. 
1).
Localisation of replication H3 variants in human paternal 
chromatin after heterologous ICSI
To find out whether human sperm derived histones are retained in 
paternal chromatin after decondensation we determined the pres-
ence of H3 replication variants in paternal chromatin in zygotic G1. 
Sperm from three fertile donors was used for injection in mouse oo-
cytes. After injection, zygotes were incubated for different periods 
of time (75 to 370 min) prior to fixation to allow detection of H3.1/
H3.2 at various stages of G1 9. At all stages we observed a promi-
nent H3.1/H3.2 staining of maternal chromatin and a minor but 
clear staining of the paternal chromatin (see fig. 2a, b; n=60). Lo-
calisation of H3.1/H3.2 was found throughout the male chromatin, 
not concentrated in specific regions. Due to the increase of paternal 
pronuclear size after injection in time, signals became weaker after 
prolonged incubation times. The visualized H3.1/H3.2 fraction in 
paternal chromatin (fig. 2a-c) is an under representation of the total 
amount of H3 transmitted by the male gamete since the H3 replace-
ment variant (H3.3) is also present in sperm 135 (fig 1).
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Figure 1 Presence of his-
tone H3 variants in human 
sperm
Human sperm, treated with 
heparin to induce chromatin 
decondensation, stained with 
a pan-H3 antibody (a), which 
recognizes all histone H3 vari-
ants (H3.1, H3.2 and H3.3) or 
a H3.1/H3.2-specific antibody 
(b) revealed for both antibodies 
a diffuse, global staining. The 
merge (c) with DAPI, which la-
bels DNA,  shows the nuclear 
localisation of the histones. Bar 
represents 10 µm.
Localisation of replication H3 variants in paternal chromatin 
in human polypronuclear zygotes
To determine whether the H3 replication variants are also present 
in zygotic paternal human chromatin in a homologous setting, we 
localised H3.1/H3.2 in abnormally fertilized human oocytes, pro-
duced by IVF. From seven hours after insemination, appearance 
of the pronuclei was visually assessed every hour. Zygotes in which 
3 or more pronuclei were observed were collected and fixed. His-
tone H3.1/H3.2 staining revealed an identical localisation as in the 
heterologous zygotes. Maternal chromatin clearly contained histone 
H3.1/H3.2, whereas the sperm-derived chromatin exhibited a less 
intense  staining (see fig 2c; n=8). Zygotes after S-phase had a clear 
increase in pronuclear histone H3.1/H3.2 levels, as expected (see fig 
2d; n=9).
Discussion
The relative abundance of nucleosomal chromatin and the presence 
of modified histones in human sperm 135 potentially allows a protein-
based epigenetic program 32. It has been suggested that genes that 
are contained in nucleosomal chromatin undergo earlier transcrip-
tional activation as opposed to genes in protamine-based chroma-
tin 138. This implies a function for the dual nucleosome/protamine 
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Figure 2 Presence of histone H3.1/H3.2 in paternal chromatin de-
rived from human sperm in mouse and human oocytes
Zygotes obtained after heterologous ICSI (a, b) and human multipronu-
clear zygotes acquired after artificial fertilisation (c, d) stained for H3.1/
H3.2 (middle column) and DAPI, which labels DNA (right column); 
merges are depicted in the left column. 
Zygotes were obtained after heterologous ICSI and fixed respectively 60 
minutes (a) and 150 minutes (b) after injection of human sperm. Arrow 
indicates maternal chromatin, arrowhead paternal chromatin and asterisk 
the polar bodies.
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c.  Human tripronuclear zygote fixed 7 hours after performing ICSI. Tri-
pronuclear zygotes derived from ICSI are likely to be a consequence of a 
failure in second polar body extrusion. Similar to maternal mouse chro-
matin, these pronuclei exhibit clear H3.1/H3.2 staining (indicated by ar-
rows). H3.1/H3.2 is also present in the paternal pronuclei (indicated by 
arrowhead) though the obtained signal is lower. Asterisk indicates polar 
body.
d.  Human multipronuclear zygote fixed 22 hours after insemination 
with human sperm. Multipronuclear zygotes derived from IVF are likely 
formed by fusion of multiple sperm with an oocyte. The more intensely 
stained pronucleus (arrow) most likely represents the female nucleus since 
H3.1/H3.2 levels are higher in maternal chromatin 9. Bar represents 10 
μm.
chromatin structure in regulation of gene expression in the early 
embryo 114. Furthermore, it has also been hypothesized that the cue 
which triggers inactivation of the paternally derived X chromosome 
(Xp) after gamete fusion is contained in the transmitted nucleoso-
mal chromatin of the Xp 
12. A requirement for such paternal-derived 
epigenetic program to operate in the zygote is that sperm derived 
nucleosomes must be retained in paternal chromatin. After gamete 
fusion, sperm chromatin is subjected to intense remodelling and the 
protamines but possibly also the nucleosomes are removed from the 
DNA. Previously, we have shown that in mouse, modified nucleo-
somes present in sperm are transmitted to the zygote 148. Here, we 
demonstrate that in human sperm, the H3 replication variants, con-
tribute to paternal chromatin in the zygote (see Fig. 2). Since histone 
H3 forms the nucleosome complex with the other histone proteins, 
it is conceivable that also these other histones are retained in the pa-
ternal chromatin in the zygote. Recent work showed that H3.1/H3.2 
containing nucleosomes are much more stable than H3.3 containing 
nucleosomes 149. This difference might explain in part the associa-
tion of H3.3 with actively transcribed genes and H3.1/H3.2 with 
silent regions 150. Paternal sequences wrapped around H3.1/H3.2 
containing nucleosomes could be poised to transcriptional inactivity 
and initiate self-propagation of this state at the service of structural 
chromosomal elements like centric heterochromatin (human sperm 
nuclei (Zalensky et al., 1993); bull sperm nuclei 98; mouse sperm nu-
clei and zygote 148; Arabidopsis zygote and endosperm nuclei 142).
 
135
An estimated 15% of the genome in human sperm remains in a nu-
cleosomal context 134-136. The epigenetic potential by incorporation 
of these sperm derived nucleosomes into the paternal zygotic chro-
matin is obvious 32. Future research, however, is needed to establish 
whether such programs exist. 
The treatment of infertility via artificial reproduction enables men 
with hampered spermatogenesis to sire offspring. Preliminary stud-
ies have indicated a decrease in the protamine/nucleosome ratio 
when comparing sperm from infertile men to fertile men 151. Higher 
histone content in sperm could have consequences for early devel-
opmental processes via enabling unscheduled downstream effects 
of sperm derived nucleosomal chromatin that contains variants 
and/or carries histone modifications. 
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Abstract
In mammalian fertilization, the paternal genome is delivered to the 
secondary oocyte by sperm with protamine compacted DNA, while 
the maternal genome is arrested in meiotic metaphase II. Thus, 
at the beginning of fertilization, the two gametic chromatin sets 
are strikingly different. We elaborate on this contrast by reporting 
asymmetry for histone H3 type in the pre-S-phase zygote when 
male chromatin is virtually devoid of histone H3.1/H3.2. Localisa-
tion of the histone H3.3/H4 assembly factor Hira with the paternal 
chromatin indicates the presence of histone H3.3. In conjunction 
with this, we performed a systematic immunofluorescence analysis 
of histone N-tail methylations at position H3K4, H3K9, H3K27 
and H4K20 up to the young pronucleus stage and show that asym-
metries reported on earlier are systematic for virtually all di- and tri-
methylations but not for mono-methylation of H3K4 and H4K20, 
the only marks studied present in the early male pronucleus. For 
H4K20 the expanding male chromatin is rapidly mono-methylated. 
This co-incides with the formation of maternally derived nucleo-
somes, a process which is observed as early as sperm chromatin 
decondensation occurs. Absence of tri-methylated H3K9, tri-meth-
ylated H4K20 and presence of loosely anchored HP1-β combined 
with the homogenous presence of mono-methylated H4K20 sug-
gests the absence of a division of the paternal chromatin in eu- and 
heterochromatin. In summary the male, in contrast to female G1 
chromatin, is uniform and contains predominantly histone H3.3 as 
histone H3 variant.
Asymmetry in Histone H3 variants and lysine 
methylation between paternal and maternal 
chromatin of the early mouse zygote
Godfried W. van der Heijden1,*, Jürgen W. Dieker2,* , Alwin A.H.A. Derijck1,*, 
Sylviane Muller3, Jo H.M. Berden2, Didi D.M. Braat1, Johan van der Vlag2, Peter 
de Boer1,†
1Department of Obstetrics and Gynaecolog y, University Medical Centre St Radboud, PO Box 9101, 6500 
HB Nijmegen, The Netherlands.
2 Nephrolog y Research Laboratory, Nijmegen Center for Molecular Life Sciences and Division of Nephrolog y, 
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Introduction
In mammalian reproduction, the gametes of the two sexes have very 
different cell biological roles. After sperm entry, the cell cycle of the 
dormant metaphase II secondary oocyte is reactivated to proceed 
into telophase and subsequent female pronucleus (PN) formation, 
while at the same time the sperm nucleus is reshaped into the male 
PN (see for reviews 93, 94). 
The major function of the male sperm is to transfer genetic infor-
mation to the future zygote. Therefore, the sperm chromatin is 
compacted at a degree of condensation 6-fold higher compared to 
a somatic cell nucleus 91. This condensed state is reached through 
step-wise transformation of nucleosome-based chromatin into 
sperm-specific protamine-based chromatin during spermiogenesis. 
Protamine deposition takes place after spermatid elongation (see for 
time table 152) whereas functions such as transcription and DNA 
repair slowdown at the onset of spermatid nuclear elongation 48, 153. 
When the two gametes fuse, the sperm-specific chromatin is ac-
tively transformed into nucleosomal chromatin. The literature is not 
specific on the timing of the protamine-nucleosome transition and 
often contradictive 141, 154, 155. 
Thus, the two gametic chromosome sets at the beginning of fer-
tilization are strikingly different. It is this notion that might be at 
the basis of several biological, for instance epigenetic, differences 
observed between the parental nuclei in the zygote. 
A series of recent reports describe the methylation states of several 
lysine residues in the N-termini of histone H3 and H4 29, 79, 104, 108, 
156-159. Strikingly asymmetry for most positions studied was noted: 
tri-methylated H3K4; di- and tri-methylated H3K9, mono-, di- and 
tri-methylatedH3K27 and tri-methylated H4K20 are initially only 
present in the maternal chromatin of the 1-cell zygote. Only mono-
methylated H3K4, K9 and H3K27 was found to be symmetrical, 
being present in  both PNs160, 161. Furthermore, differences between 
the parental nuclei at the transcriptional level have been observed. 
Although full zygotic genome activation takes place in the 2-cell 
embryo, leaky transcription is observed from early zygote S-phase 
on. Throughout the first cell cycle, transcription levels in the male 
PN are 4 to 5 times greater than in the female PN125. It is also known 
that the paternal PN exhibits higher levels of hyperacetylated his-
141
tone H4 compared to the female PN 101. By elevating global acetyla-
tion levels of the zygote, transcription can also be observed in the 
maternal PN, indicating that transcriptional asymmetry is largely 
due to a more transcription favourable state of the male chromatin 
as influenced by its hyperacetylation 162.
At G1 of the zygotic cell cycle, DNA-methylation marks are actively 
removed from the paternal genome during the first 6 hours after 
gamete fusion 163, 164. In contrast; this mark is passively diluted from 
the maternal DNA over subsequent cleavage divisions by the ab-
sence of maintenance methylation 165.
Another area where the two genomes are not each other’s equiva-
lent constitutes the reaction to DNA damage by DNA repair. In 
the early stages after gamete fusion, the vulnerability of the two 
genomes to irradiation as measured by the yields of chromosome 
abnormalities at first cleavage is strikingly different. The maternal 
complement exhibits levels two to three times higher than the pa-
ternal one 166.
To obtain a better conception of the chromatin differences between 
the sexes, that are particularly apparent at the morphological pre-
PN level early after gamete fusion, we have chosen to study the 
protamine-nucleosome transition in mouse sperm after in vitro fer-
tilization (IVF) in conjuncture with an epigenetic characterisation 
of the two parental genomes in the early zygote. 
We determined chromatin remodelling up to 280 minutes post in-
semination in vitro, i.e. up to the PN stage, using antibodies that are 
specific for protamines, histones, dsDNA and nucleosomes, respec-
tively. Subsequently, we have followed chromatin development in 
these early post-gamete fusion stages with histone H3 and H4 N-
terminal tail methyl lysine modifications to evaluate one aspect of 
epigenetic differences between the two genomes. Our results reveal 
that after gamete fusion, nuclear morphology transition involves 
immediate chromatin remodelling, especially in the male comple-
ment. During this remodelling, paternal nucleosomes predominant-
ly contain the histone H3.3 variant. As already known, epigenetic 
hallmarks are set differently between the male and female-derived 
genomes for di- and tri-methylation. However, we show that this is 
not necessarily the case for the mono-methylation state. 
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Methods
Gamete Collection and IVF
All media and culture dishes used for IVF were made one day in advance 
and kept at 37°C; 5% CO2 in air to ensure maximum equilibration. Sperm 
was obtained from CBA/B6 F1 mice of 6-20 weeks old. Cauda epididy-
mis were partially cut open in a 50 µl droplet HTF-HEPES (Cambrex; 
BE02-022F) 0.5% BSA (Sigma; A-4503) and were left for 5 min at 37°C 
to allow swimming-out. Hereafter the sperm suspension of 2 cauda was 
transferred to the bottom of a 4.5 ml Greiner bio-one PS-Tube with HTF 
(Cambrex; BE02-021F) 3% BSA and 10 µmol adenosine, a capacitation 
stimulator 194 (Sigma; A-5762). The sperm suspension was incubated at 
37°C, 5% CO2 in air for 1 hour. At 45 minutes a sample was taken to 
perform a sperm count. Female B6/CBA mice (4 to 12 weeks old) were 
housed with adjusted light hours set at 9.00 – 21.00. Superovulation was 
induced by injecting 7.5 U PMSG (Intervet, Boxmeer, The Netherlands) 
around 18.00 and 7.5 U HCG (Intervet) 48 hours later. Females were sac-
rificed the next morning at 9.00. Cumulus cell masses containing meta-
phase II oocytes were removed from the ampullae of oviducts and trans-
ferred per female to 50 µl HTF 0.5% BSA droplets covered with light 
mineral oil (Irvine Scientific; #9305). Sperm was added to these droplets 
to a final concentration of 1*106 cells/ml. 
Timing of zygote development
By paraformaldehyde (pfa) fixation (see fixation and immunofluores-
cence) and DAPI-staining at various time points post insemination (pi), 
it was determined that the majority of secondary oocytes was penetrated 
after 70 minutes. For dynamics of the protamine – nucleosome exchange 
and localisation of the histone chaperone Hira, zygotes were fixed at 4 
time points pi: 70, 100, 150 and 280 min. Each time point yields zygotes 
in which the majority of the paternal nuclei represent a distinct morphol-
ogy (see fig. 1). #34 double stainings were done with zygotes fixed at 150 
minutes pi. For the lysine methylation stainings zygotes were fixed at 100 
and 280 minutes pi. In addition Me(3)-H3K20 stainings were also carried 
out at 70 minutes pi. Between zygote variation with regard to progress 
of sperm head decondensation was observed at early time points (70 and 
100 min pi), rendering pools of zygotes with different parental chromatin 
morphologies. This enabled us to obtain a clear picture of the sequence 
and timing of changes in parental chromatin. In general however, gamete 
fusion occurred relatively simultaneous and the timing of morphologies 
was similar to that of Adenot et. al. 95. At later time points (150 and 280 
min pi), hardly any variation in nuclear morphology remained, indicating 
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that the timing of gamete fusion between zygotes differs little but the 
process of sperm head decondensation is rapid. All zygote time points 
mentioned in this report are compensated for the 70-minute lag phase to 
give the minimal time periods for the stages described. 
Antibodies
PL2-3, #34 and # 36 are monoclonal autoantibodies derived from either 
MRL/+ or MRL/lpr lupus  (-prone) mice.  PL2-3 is nucleosome-specific 
(M. Monestier; 1:12.000), # 36 is specific for dsDNA (1:800) 105 195, #34 is 
specific for histone H3.1 (this paper; 1:1500). 
Upstate Biotechnology, Lake Placid, USA: AcH3 K18, (07-354; 1:500); 
AcH3 K23, (07-355; 1:500); PH3S28, (07-145; 1:1000)
Abcam ltd., Cambridge, UK: me1-H3K4, (8895; 1:500); me2-H3K4, 
(7766; 1:500); me3-H3K4, (8580; 1:3000); HP1-β, (P. Singh; 1:100); HP1-
α, (P. Singh; 1:200); Protamines: HuP1, Hup2; (R. Balhorn; 1:1000); 
me1-H3K9, 1:250; Me(2)H3K9, 1:500; Me(3)H3K9, 1:500, me1-H3K27, 
1:500, Me(2)H3K27, 1:500, Me(3)H3K27, 1:500; Me(1)H4K20, 1:500; 
Me(2)H4K20, 1:50; Me(3)H4K20, 1:500 (T. Jenuwein); Hira, (WC119, P. 
Adams; 1:100).
Secondary abs were used as following: Molecular Probes, Oregon, USA: 
A11001 fluor 488 goat anti-mouse IgG (H+L), A11012 fluor 594 goat anti-
rabbit IgG (H+L), Sigma: F6258; anti-rat IgG, FITC conjugated. All were 
used in a 1:500 dilution. 
All secondary abs were tested for non-specific binding, which was never 
observed. 
Experimental procedures of #34 epitope mapping 
The epitope recognized by antibody #34 was determined by screening, 
respectively, a 10-mer (kindly provided by Dr. C. Putterman, ), a 12-mer 
(New England Biolabs, Beverly, USA) and a 15-mer (kindly provided by 
Dr. G. Smith,  University of  Missouri, Columbia, USA) random peptide 
phage display library with the purified antibody #34, as described previ-
ously 196. 
The reactivity of #34 with several histone H3(18-37) peptides, contain-
ing either the H3.1 or H3.3 sequence and some modified residues (i.e. 
acetylated and/or phosphorylated at the indicated positions), and  with 
a H3(23-34) peptide di-methylated at lysine 27 (Abcam, Camebridge, 
USA), was tested both in direct and inhibition ELISA. Briefly, in ELISA, 
Maxisorb® 96-well plates (Nunc, Roskilde, Denmark) were coated with 
100 μl of peptide at 2 μM in 50 mM carbonate buffer pH 9.6 overnight 
at 4°C. The wells were washed with PBS/0.05% (v/v) Tween-20 (PBS-T) 
and blocked with 150 μl 1% BSA for 2 hours at room temperature. After 
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washing with PBS-T, 100 μl of monoclonal antibody was added in PBS-T 
and incubated for 2 hours at room temperature. After washing with PBS-
T, 100 μl horseradish peroxidase-conjugated goat anti-mouse Ig(H+L) 
(Southern Biotechnology Associates, Birmingham, U.S.A.) diluted 1:7500 
in TBS-T was added and incubated for 1 hour at room temperature. The 
plates were washed again with PBS-T and developed for 15 minutes us-
ing 100 μl 3,5,3’,5’-tetramethylbenzidine (TMB) (SFRI Diagnostics, Saint 
Jean d’Ilac, France). The reaction was stopped by the addition of 100 μl 2 
M H2SO4 and the optical density at 450 nm was measured in a microplate 
reader (Biorad, Veenendaal, The Netherlands). For inhibition studies, 0,5 
μg/ml antibody #34  in PBS-T was pre-incubated in a 96-wells plate 
(Greiner) with a series of dilutions of a competitor peptide, and added to 
a Maxisorb® 96 plate coated with (unmodified) H3.1(18-37) peptide as 
described above.
Fixation and immunofluoresence 
Before fixation of the zygotes the zona pellucida was removed with acidic 
tyrode (pH 2.5) containing 1% BSA. Thereafter cells were immobilised 
in a fibrin clot 106 (fibrinogen obtained from Calbiochem cat. nr. 341573; 
Thrombin obtained from Sigma, cat. nr. T-6634). IF was applied as de-
scribed before 25. HP1-β was washed away by incubating fibrin immobil-
ised zygotes for 10 min in PBS 0.15% Triton-X-100 before fixation and 
IF. 
BrdU incorperation
Zygotes were transferred 4 hours pi to culture medium containing 16 
mM BrdU (Sigma; B-9285) and incubated until 7 or 8 hours pi. After im-
mobilisation and fixation (see above) cells were incubated for 10 minutes 
at 37°C with the nuclease solution from the Amersham BrdU labelling 
kit (RPN202). Ab #34 and α-BrdU were differentially labelled with the 
Zenon direct labelling kit (Molecular Probes, Oregon, United States; Z-
25102, Z-25107).
Collection of images
Images were collected with a Zeiss axioplan fluorescence microscope. 
Pictures were captured by a Zeiss AxioCam MR camara with Axiovision 
3.1 software (Carl Zeiss). All images shown are derived from stacks with 
z-axis intervals of 0.2 µm. Stacks were deconveluted with Metamorph 
software version 6, using the nearest neighbour mode. Images shown 
are either stacks projected into a single image or a single slide of a stack. 
Photoshop was used to enhance levels if needed.
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Results 
Accessibility of epitopes for immunofluorescence
From penetration up to the formation of the male PN, there is a 
continuous morphological change of the sperm chromatin. We dis-
tinguish three distinct, successive nuclear shapes/states 1) type a 
nuclei, which are partially decondensed with a proximal part remi-
niscent of the initial sperm chromatin; 2) type b nuclei, which are 
fully decondensed and 3) type c nuclei, which are re-condensing 
(see fig. 1 and “timing of zygote development” in the M&M for an 
overview of the morphologies and their moment of appearance). We 
performed indirect immunofluorescence (IF) staining with a dsD-
NA-specific antibody (ab) #36 in combination with DAPI to deter-
mine whether the paternal chromatin was accessible for antibodies 
during the process of male PN formation. The staining by dsDNA 
ab #36 was nearly absent from condensed chromatin whereas de-
condensed chromatin was homogeneously stained (see fig. 2 A-F). 
An intense staining by #36 could be observed in the border region 
where the sperm chromatin transits into decondensed chromatin 
(see fig. 2 A-C). For the decondensed chromatin, a perfect co-locali-
sation of #36 with DAPI was observed for each morphology (see 
fig. 2 D-F). Thus, antibody #36 (of IgG class) was not able to fully 
penetrate the sperm nuclei when still condensed. However, directly 
after decondensation the chromatin was fully accessible. Therefore 
conclusions presented here are solely based on observations made 
on decondensed sperm chromatin. 
Loss of protamines
The removal of protamines is believed to be a 2-step process: after 
reduction of intra-protamine disulphide-bonds by glutathione, the 
actual protamines are removed 167 168.  To have a more precise de-
scription of the dynamics of this process, we applied indirect IF on 
early zygotes with an antibody mix recognizing both protamines 1 
and 2. Suitability of these abs for IF was confirmed by obtaining 
a bright nuclear staining of artificially decondensed mouse sperm 
cells (data not shown). As expected and analogous to the results 
with the dsDNA ab, an antibody penetrability problem for con-
densed chromatin was encountered; a faint staining for protamines 
was observed before decondensation, while a more intense staining 
could be detected thereafter (see fig. 2A-F). Before the onset of de-
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Figure 1 Dynamics and morphology of chromatin rearrangement 
in the early mouse zygote
Schematic overview of the dynamics and morphological changes of the 
male and female chromatin, before (A-B) and after (C-I) gamete fusion. 
All pictures are cut-outs from different zygotes (except I) stained with 
DAPI. Bar represents 10 µM. Each image shows a distinct phase up to 
PN formation. To obtain nuclei from each category, zygotes were fixed at 
specific time points after insemination (see Material & Methods). Before 
penetration of the sperm cell (A) the maternal chromosomes are aligned 
on the metaphase II spindle (B). After gamete fusion, activating factors 
of the sperm cell release the secondary oocyte from its arrest and the cell 
cycle progresses into anaphase II (D). At this time, decondensation of 
sperm chromatin has started (C) causing partial expansion. When both 
“original” sperm chromatin and the decondensed chromatin are pres-
ent, we refer to type a nuclei. Expansion of sperm nuclei proceeds until 
the male nucleus is fully decondensed: type b nuclei (E). At that time, 
female meiosis is in early telophase II (F). This was observed 30 minutes 
after gamete fusion. Fifty minutes later the majority of the male nuclei 
started to recondense (G) followed by a second phase of decondensa-
tion, commencing in the early male PN stage (I, upper half; expanding 
male PN observed 3 hours past gamete fusion). After telophase II female 
chromosomes decondensed and simultaneously to the male complement 
transformed into a PN (I, lower half). These changes in paternal nuclei 
morphology have been described earlier 95.
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condensation, extrusion of protamines in bulb-like spheres could be 
observed, which indicated that chromatin remodelling was already 
in progress before actual chromatin expansion (see fig. 2G-I). In 
decondensing chromatin no protamines could be detected that were 
part of the chromatin itself, the paternal chromatin was surrounded 
by protamine spheres (see fig. 2J-L). These protamine bodies were 
no longer observed 80 minutes after gamete fusion. We conclude 
that protamines were shed from the sperm DNA within thirty min-
utes after gamete fusion and had completely disappeared 50 minutes 
later. 
Deposition of nucleosomes in the sperm DNA
Using PL2-3, an antibody specific for nucleosomes, we could vi-
sualize an increasing nucleosomal density upon the start of sperm 
nucleus decondensation. Signal was readily detected in the expand-
ed chromatin of type a nuclei (see fig. 2M-O). Thirty minutes after 
gamete fusion, when the male nuclei had progressed into form b, 
the staining by PL2-3 was more intense and evenly spread through-
out the nucleus (see fig. 2P-R).  
Characterisation of an histone H3.1/H3.2 specific antibody
The epitope of antibody #34 was mapped by screening different 
random peptide phage display libraries. This resulted into the com-
mon motif: S-A-P-A-S/T, which corresponds to amino residues 28-
32 of the N-terminal region of histone H3.1 (see S6 for a description 
of the techniques).  In this region at position 31, the single N-termi-
nal amino acid difference between H3.1 and H3.3 is located, i.e. a 
serine versus an alanine residue, respectively. We demonstrated that 
#34 was specific for H3.1 both in direct and inhibition ELISA (see 
S1), since we found absolutely no binding of #34 to the H3.3 pep-
tide and no inhibition by the H3.3 peptide. We also tested in direct 
and inhibition ELISA the influence of some modifications of resi-
dues located in/close to the epitope of #34 (see S1) on the reactivity 
of #34.  H3 peptides acetylated on lysine 18 and 23 and/or phos-
phorylated on serine 28 showed a decreased binding of #34 and an 
about 5-fold higher inhibitory effect compared to the unmodified 
H3.1 peptide, although less pronounced compared to the H3.3 pep-
tide. We were not able to demonstrate direct binding of #34 to a 
H3.1 (23-34) peptide di-methylated at lysine 27, but this could be 
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Figure 2 Accessibility of 
the decondensing sperm 
head, its loss of prot-
amines and gain of nu-
cleosomes
Images are cut-outs from 
whole zygote images. DAPI 
is pseudo coloured red and 
the abs green. Bar represents 
10 µM.
A-F) Staining of the male 
nuclei by DAPI (A, D) and 
α-dsDNA (B, E), in sperm 
nuclei type a (A–C; n=12) 
and b/c (D–F; n=16). 
G-L) Staining of the male 
nuclei by DAPI (G, J) and α-
protamine 1 and 2 combined 
(H, K), in sperm nuclei type 
a (G-H; n=10) and a/b (J-L; 
n=24).
M-R) Staining of the male 
nuclei by DAPI (M, P) and 
α-nucleosomes (ab PL2-3) 
(N, Q). In sperm nuclei type 
a (M-O; n=15) and b (P-R; 
n=44).
explained by inefficient coating of short peptides. However, in in-
hibition ELISA the reactivity of #34 with H3.1 (18-37) was hardly 
influenced by Me(2)H3(23-34)K27 (see S1). 
The paternal chromatin is virtually devoid of histone H3.1-2 
during G1
We applied ab #34 on the pre-S phase zygote and did not detect 
staining in the paternal chromatin throughout PN formation in 
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contrast to maternal chromatin (see fig. 3), which suggests that the 
H3 replication variants are absent from the paternal chromatin. 
However, because we could not test in ELISA the reactivity of #34 
with all combinations of modifications located in or nearby the epi-
tope of #34 (due to the limited availability of modified histone H3 
peptides) and Ac-H3K18 as well as Ac-H3K23 are known to be 
present in the G1 PN (unpublished data; 102) the possibility that the 
absence of staining by #34 was caused by an inhibiting effect of 
nearby H3.1 modifications in situ, still existed. We therefore investi-
gated whether male nuclei type b, c had a low abundance of possibly 
interfering modifications. 
Zygotes were fixed at 80 min post gamete fusion and double stained 
with #34 and antibodies specific for modifications in or nearby the 
epitope of #34 (i.e. Ac-H3K18, Ac-H3K23, Me(1, 2, 3)-H3K27 and 
P-H3S28). In type b, c nuclei, a faint staining by the antibody spe-
cific for Ac-H3K18 was observed, while none of the other mod-
ifications could be detected (see S2). At this time point #34 was 
usually absent from the paternal nuclei (see S2), although occasion-
ally nuclei showed speckles. Around 80 minutes post gamete fusion 
the maternal complement progressed into late telophase II and did 
not reveal any Ac-H3K18, while levels of Ac-H3K23, Me(3)H3K27 
and P-H3S28 were low or undetectable. In contrast, the antibodies 
specific for mono-, di-methylated H3K27 prominently stained the 
maternal complement (data not shown). Notably, staining by #34 
was virtually absent from maternal metaphase II chromosomes, 
but during anaphase II the #34 signal appeared rapidly, while dur-
ing telophase II, #34 brightly stained the maternal chromatin and 
that of the polar body (see fig 3). Opposite to the staining pattern 
by #34 of the maternal complement, the antibody specific for P-
H3S28 strongly stained the maternal metaphase II chromosomes, 
but this staining quickly diminished after progression of meiosis II 
and disappeared completely during early telophase II, (see S2 and 
S3). It is only this H3.1 modification in the vicinity of the epitope 
of #34 whose disappearance showed a strong correlation with the 
appearance of staining by #34, which was in agreement with the 
ELISA data for #34 (see S1). All antibodies specific for the three 
methylation states of K27 on H3 did not block the epitope of #34 
as revealed by double staining. This shows that these methyl groups 
do not, or to a lesser extent interfere with #34 binding compared to 
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the phosphoryl group on S28 of H3. The speckles of #34 staining 
occasionally observed in the male nuclei possibly result from DNA-
synthesis coupled repair (when H3.1 is deposited) and/or from nu-
cleosomes of paternal origin.
Taken together, the data of the ELISA and (double) stainings of 
the paternal/maternal chromatin by #34 and/or antibodies specific 
for H3 modifications showed that H3.1 is virtually absent from the 
paternal chromatin. 
Presence of H3.3 specific histone chaperone Hira in paternal nuclei
Earlier we showed an increasing presence of nucleosomes in the 
pre-PN paternal chromatin. Combined with the notion that H3.1 
was absent from this chromatin, the only candidate for fulfilling the 
histone H3 role in the paternal nucleosomes post gamete fusion is 
H3.3. The lack of a valid antibody specific for H3.3 forced us to use 
antibodies raised against the histone H3.3 chaperone Hira 169, re-
cently shown to be specific for deposition of H3.3-H4 dimers onto 
the DNA 16. Staining with a Hira specific ab revealed this protein 
to be present in the sperm chromatin from its initial phase of de-
condensation until early PN formation (see fig. 4 A-C). At 3.5 hours 
after gamete fusion however, the signal had diminished to undetect-
able levels in 52% of the paternal nuclei (n=46); indicating differ-
ences in the rate of paternal remodelling between zygotes.  Hira was 
not detected in the maternal complement up to PN formation, after 
which it was present in a minority of the maternal PNs evaluated.
Apparently, DNA synthesis independent nucleosome deposition 
also occurs in the maternal complement in a subset of zygotes. The 
time window of presence of Hira in sperm chromatin specifies the 
dynamics of nucleosome deposition; apparently de novo histone de-
position after gamete fusion starts at the very beginning of chroma-
tin decondensation and is completed roughly 4 hours after gamete 
fusion.
Appearance of H3.1
Since deposition of the replication H3 variants is strictly coupled to 
DNA synthesis the epitope for ab #34 should appear in the paternal 
chromatin during S-phase. The onset of DNA replication in zygotes 
is well described in the literature and starts 7 hours after gamete 
fusion 99. In our IVF system, the majority of zygotes start S-phase 
151
Figure 3 #34 co-localises with 
the maternal chromatin, not with 
the paternal
Whole zygote images stained with 
DAPI (pseudo coloured red) and 
#34 (pseudo coloured green). #34 
does not stain type a nuclei (3A), 
type b nuclei (4B) nor the pater-
nal PN (3C). Paternal chromatin is 
marked with an astrix. Bar repre-
sents 10 µM.
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between 7 and 8 hours after insemination. Staining of zygotes that 
had progressed into S-phase showed a strong #34 signal in the pa-
rental chromatin sets (see fig 5C). To see if onset of DNA replication 
and appearance of #34 signal coincided, we cultured zygotes in the 
presence of BrdU and proceeded to detection of the incorporated 
nucleotide in combination with #34 staining, 7 and 8 hours after 
insemination. Zygotes showed either absence of both signals in the 
paternal PN (zygotes that had not yet progressed into S-phase) or 
presence of both signals (zygotes that had started DNA replication) 
Figure 4 Presence of Hira in the 
decondensing sperm nuclei
A) Staining of the male nucleus type 
a by DAPI (left) and α-Hira (right) 
(n=9).
B) Staining of the male nucleus type 
b by DAPI (left) and α-Hira (right) 
(n=22).
C) Staining of the parental PNs 
by DAPI (upper panel) and α-Hira 
(lower panel) (n=46). The male PN 
is depicted left and the female PN 
right. Bar represents 10 µM.
(see fig. 5A, B). Paternal chromatin stained by BrdU or #34 only 
could not be detected, which again demonstrates the deposition of 
histone H3.1 to coincide with the start of DNA replication. 
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Figure 5 #34 appearance coincides with onset of DNA replication
Staining of zygote in early S-phase with DAPI and directly labelled 
α-BrdU and #34 (A, B) or #34 (C). Bar represents 10 µM.
A) Pre-S-phase PNs (n=32). 
B) PNs at the onset of S-phase (n=32). 
C) PNs that have progressed into S-phase (n=45).
Lysine methylation states of the parental chromatin in the ear-
ly zygote
The presence and time of appearance of specific histone H3/H4 
methylation before and after PN formation up to 210 minutes post-
gamete fusion was visualised by using antibodies that are highly 
specific for mono-, di- and tri-methylated histone H3 (at positions 
K4, K9 and K27) and histone H4 (at position K20) 170. All methyla-
tion states were present in the maternal metaphase II chromosomes 
up to PN formation except Me(2)H4K20 (see figs. 6A-D; S3; S5 for 
respectively PN stainings, metaphase II stainings and relative in-
tensities in all stages and control cells). This mark was absent at all 
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stages, though present in cumulus cell nuclei used as a control (see 
S4). Me(1)H3K9 was usually present in the maternal PN but always 
at a low level (see fig. 6C); occasionally no signal was detected; again 
control cumulus cells always showed a prominent nuclear signal 
(see S4). During this period the male chromatin did not stain for: 
Me(1)-H3K9, -H3K27; Me(2)- H3K4, -H3K9, -H3K27, -H4K20 and 
Me(3)-H3K4, -H3K9, -H3K27, -H4K20 (see fig. 6a A-D). To test 
the possibility that these methyl marks are present in the original 
sperm chromatin but are removed during chromatin remodelling, 
as recently was assumed for Me(3)H4K20 29, we stained type a and/
or b nuclei. For none of the methyl marks absent in the male PN, IF 
signals were detected in the decondensed chromatin at these stages. 
As shown earlier, antibodies are not able to penetrate condensed 
sperm chromatin so we cannot draw any conclusions for this type 
of chromatin. Mono-methylation of H3K4 and H4K20 were the 
only marks present in both parental PNs. The appearance of these 
two modifications differed. Me(1)H4K20 was observed strikingly 
early after gamete fusion. In type a male nuclei Me(1)H4K20 could 
be detected in the periphery of the expanding chromatin and type b 
male nuclei were stained throughout the entire nucleus (see fig. 6E). 
Also in the early paternal PN a homogeneous signal was observed. 
This was different from the maternal PN where staining was less 
intense in heterochromatic regions, which reside around the pre-
cursor nucleolus (see fig. 6D). Me(1)H4K20  was absent from cen-
tromeric constitutive heterochromatin of maternal metaphase II 
chromosomes and DAPI bright heterochromatic regions in cumu-
lus cell nuclei (see S3, S4) in concordance with an earlier report 171.
Me(1)H3K4 emerged in the male chromatin nearer to the time of 
PN formation. In the PN a speckled staining pattern was observed 
in both parental nuclei (see fig. 6A). Maternal metaphase II chromo-
somes showed a diffuse distribution of Me1-H3K4 and signal was 
absent in the heterochromatic regions of cumulus cell nuclei (see S3, 
S4).
Distribution of HP1α and β in the early zygote
Heterochromatin Protein 1 (HP1) is a crucial protein in the for-
mation of heterochromatin domains through its ability to bind 
Me(3)H3K9 172. To see whether absence of this modification leads to 
a different location of HP1 in the male PN compared to the female 
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Figure 6 Localisation of mono-, di-, and tri-methylation of ly-
sine K4, K9, K27 of histone H3 and histone H4 K20 in the early 
G1 zygote The male PN is always on the left side, the female on the 
right. Left column shows DAPI staining, right column staining with 
the ab. Bar represents 10 µM.
A. 1) α-Me(1)H3K4 (n=15);  2) α-Me(2)H3K4 (n=21) 3) α-Me(3)H3K4 
(n=29)
B.1) α-Me(1)H3K9 (n=40); 2) α-Me(2)H3K9 (n=30); 3) α-Me(3)H3K9 
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(n=45)
C. 1) α-Me(1)H3K27 (n=13); 2) α-Me(2)H3K27 (n=17); 3) α-Me(3)H3K27 
(n=17)
D. 1) α-Me(1)H4K20 (n=17); the arrow points at the heterochromatic re-
gion around the precursor-nucleolus of the female PN. 2) α-Me(2)H4K20 
(n=10); 3) α-Me(3)H4K20 (n=15)
E. Localisation of Me(1)H4 K20 in the sperm nuclei type a and b
Staining of the male nucleus by DAPI (left) and α-Me(1)H4K20 (right) in 
sperm nuclei type a (n=9) and b (n=12). Bar represents 10 µM.
one, we stained with antibodies specific for the isoforms mostly as-
sociated with heterochromatin, HP1-α and HP1-β 173. We did not 
detect HP1-α in the first cell cycle in both parental nuclei (see fig. 
7A). HP1-β, on the other hand, was present in the maternal comple-
ment during anaphase II while absent from the male chromatin (see 
fig. 7B). Shortly after PN formation, HP1-β was observed in both 
PNs, as has been reported earlier 108. Furthermore, a rim of HP1-
β was seen around both nuclei that later disappeared (see fig. 7C). 
This may represent the entry of HP1-β into the nuclei. From this 
phase on a difference in localisation of HP1-β between the parental 
PNs is seen. In the maternal complement HP-1β co-localises with 
the bright DAPI stained heterochromatin while in the paternal PN, 
localisation is diffuse and does not co-localise specifically with any 
DNA domain (see fig 7D). To see if there is a difference between 
the anchoring of HP-1β to maternal and paternal chromatin we per-
formed lysis experiments. In contrast to the female PN, levels of 
HP1-β decreased in the male PN upon treatment: although present, 
HP1-β is not tightly bound to the male chromatin (see fig. 7E). 
Discussion
Removal of protamines and appearance of nucleosomes is an 
early process
Until now it has not definitively been shown at which phase of de-
condensation of the sperm nucleus, the actual removal of protamines 
takes place and maternal nucleosome deposition commences 174. 
By immunofluorescence analysis with antibodies specific for prot-
amines, dsDNA, histones and nucleosomes, we could correlate the 
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Figure 7 Appearance and localisation of HP1-α and β in the early 
zygote The male PN is depicted left and the female PN right. DAPI is 
pseudo coloured red, HP1-β green.   
A) Staining of the parental PN with DAPI (left) and α-HP1-α (right) 
(n=9). 
B) Staining of the male nuclei type b and maternal telophase with DAPI 
(left) and α-HP1-β (right) (n=40).
C) Staining of the early parental PN with DAPI (left) and α-HP1-β (right) 
(n=40).
D) Staining of the parental PN with DAPI (left) and α-HP1-β (right) 
(n=80).
E) Staining of the parental PN with DAPI (left) and α-HP1-β (right) after 
lysis (n=11). Bar represents 10 µM.
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change of chromatin morphology with the presence or absence of 
protamines. Extrusion of protamines starts before decondensation 
and within 30 minutes post gamete fusion the male chromatin does 
not co-localise with the protamines any more (see fig. 2 G-L).  A dif-
ferent observation has been made by Nonchev and Tsanev 141 who 
still were able to detect protamines 8 hours after sperm penetration 
in the paternal PN. We can only explain this apparent discrepancy 
by the use of different antibodies and techniques. We detected nu-
cleosomes by staining with the nucleosome-specific antibody PL2-3 
in the earliest stages of the expanding sperm nucleus, which could 
maybe in part be explained by the fact that an estimated 1% of 
mouse sperm DNA is bound to nucleosomes (personal commu-
nication R. Balhorn).  A steep increase in nucleosome density was 
observed however, after the start of decondensation (see fig. 2M-R). 
Hira, a histone chaperone that deposits H3.3-H4 dimers onto DNA 
16, co-localises with the expanding sperm chromatin in the zygote 
(see fig. 4A). Apparently, the onset of deposition of maternally de-
rived nucleosomes takes place at the moment of paternal chromatin 
expansion. The only indication that DNA might be completely de-
void of nucleosomes and protamines during expansion of the sperm 
chromatin was the brighter staining by the antibody specific for ds-
DNA at the interphase of condensed and decondensed chromatin 
(see fig. 2A-C). This finding also indicates an absolute coincidence 
between decondensation and nucleosome formation.
We now have obtained a clear picture of paternal chromatin remod-
elling; protamines are removed from expanding chromatin, which 
is completed within 30 minutes after gamete fusion. During this 
period nucleosome formation starts, continuing over a period of 
roughly 4 hours in the zygote as deduced by absence of Hira in 52% 
of the paternal PNs at around that time point. 
H3.3 is the predominant histone H3 variant in zygotic male 
chromatin before S-phase, H3.1 appears during DNA replica-
tion
The nucleosome core particle consists of two copies of Histone 
H2A, H2B, H3 and H4. For Histone H2A, H2B and H3 variants 
have been described 175. Histone H3 has three functionally differ-
ent subtypes: CenH3, which is strictly localised in the centromeres 
and highly diverged in sequence from the canonical H3 of which 
159
two functional variants exists: the replication variants (H3.1 and 
H3.2), and the replacement variant (H3.3). The utilisation of the 
H3 replication variants, which differ from each other in only one 
amino acid, is strictly limited to DNA synthesis linked nucleosome 
assembly 176. When nucleosomes are formed without occurrence of 
DNA synthesis, H3.3 is incorporated 177. This specialisation of H3 
subtypes is reflected in their chaperones. H3.1 (and H3.2) is depos-
ited as a H3-H4 dimer by 
Caf-1 while H3.3 is deposited, also as a H3-H4 dimer, by Hira 16. 
The deposition of maternal nucleosomes onto paternal DNA di-
rectly after gamete fusion is not accompanied by DNA synthesis. 
By axioma these nucleosomes will contain H3.3 as histone H3 vari-
ant. Characteristic for mouse sperm chromatin is the near absence 
of nucleosomes. Therefore virtually all the paternal chromatin will 
be wrapped around newly deposited H3.3 containing maternal nu-
cleosomes. We have characterized a monoclonal antibody (#34) 
whose epitope encompasses amino acid positions 28 to 32 of the 
N-terminus of H3.  The single amino acid that differs between the 
N-terminus of the replication H3 variants, H3.1/H3.2, and the rep-
lication-independent variant, H3.3 is located within the epitope of 
#34 at position 31. It is this one amino acid difference that allows 
antibody #34 to discriminate between the two H3-types; recogniz-
ing only the replication variants (H3.1/H3.2) and not the DNA syn-
thesis independent replacement variant (H3.3) (see S1). With this 
antibody we show that the H3 replication variants are virtually ab-
sent from the zygotic pre-S phase paternal chromatin, concordant 
with the specialised functions of the H3 subtypes. The antibody 
brightly staining the maternal chromatic counterpart is demonstra-
tion of its functionality (see fig. 3). We were not able to demonstrate 
the presence of H3.3 directly because of the lack of a valid antibody. 
However, we could show its presence indirectly by staining for the 
H3.3-specific chaperone Hira (see fig. 4). In conclusion, the absence 
of H3.1 combined with the presence of nucleosomal chromatin and 
Hira, strongly suggests that H3.3 is the predominant H3 variant 
present in the paternal chromatin during zygotic G1. The sheer ab-
sence of the H3 replication variants from the paternal chromatin 
allowed us to observe their first appearance which indeed coincided 
with the onset of S-phase as determined by BrdU incorporation (see 
fig. 5A, B). 
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Lysine methyl marks in the zygote
In recent years it has been shown that posttranslational modifica-
tion of histones can act as regulators in a variety of biological pro-
cesses. Attachment of methyl groups to designated lysine positions, 
preferably in H3 and H4, are highly stable modifications and thereby 
attain epigenetic properties  178, 179. Lysine methyl marks function by 
creating a binding place for proteins that, in turn, exert their role, or 
alternatively block these binding places for other proteins 172, 180, 181.
Lysine residues can be mono-, di-, or tri-methylated 182.  The func-
tional differences of the various methylation states begin to emerge 
only now. However, the tri-methylated state is often regarded as 
the being the most explicit one. The presence of histone N-termini 
methylations on the parental chromatin in the early zygote has been 
studied before but not in a systematic way 29, 79, 108, 156-161, 183. Intrigu-
ingly there seem to be some discrepancies between observations on 
histone lysine methylation patterns in the zygote. Me(2)H3K9 has 
been reported to appear in both PNs 3-6 hours after gamete fu-
sion157, another report mentions this to occur after DNA replication 
104 while other reports state that it is not present throughout the 
zygotic cell cycle in the paternal chromatin at all 160 or in some PNs, 
only barely detectable 158. Our finding that Me(2)H3K9 is not pres-
ent in the early paternal PN, however, seems to be in concordance 
with most reports. Regarding appearance of Me(3)H3K27 in the 
paternal PN, observations also differ. This mark has been reported 
to appear 3-6 hours after gamete fusion 157 while presence only after 
DNA replication (14 hours after gamete fusion) has also been com-
municated 104. Our data regarding Me(1)H3K9 and Me(1)H3K27 is 
conflicting with Santos et. al., 104 who describe the appearance of 
these marks in the pre-PN paternal chromatin. We had troubles ob-
taining a sharp signal for Me(1)H3K9 though this does not seem 
to be due to our preparation technique since a clear nuclear signal 
was obtained when 4-cell embryos were stained (data not shown). 
Me(1)H3K27 we readily detected in the maternal chromatin (see fig. 
6c) but we did not observe this mark in the paternal chromatin in 
the time window under study here. Whether all these differences are 
biologically significant remains an urgent question.
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Parental Chromatic asymmetry and the Maternal to Zygote 
Transition
During pre-implantation development, the chromatin of the highly 
differentiated germ cells is transformed to accommodate a cleavage 
stage embryo with pluripotent blastomeres. This transformation is 
part of Maternal to Zygotic Transition (MZT), comprising degrada-
tion of maternal messengers, replacement of maternal transcripts by 
zygotic ones and the reprogramming of the parental genomes into 
the versatile embryonic genome 184. 
It is at its onset that we, and during the MZT that others have ob-
served asymmetries in the parental chromatin. In what way are these 
asymmetries observed linked to this process? Do they have a prima-
ry biological reason or are they just are mere consequence of sperm 
nuclear transformation? An answer to the first question regarding 
H3-type asymmetry seems apparent. The absence of H3.1 in the pre 
S-phase paternal nucleus fits well with recent reports, showing that 
H3.1 is only incorporated when nucleosome deposition is coupled to 
DNA synthesis, while H3.3 is deposited when nucleosome assembly 
is DNA synthesis independent 177. The H3-type asymmetry there-
fore is likely to be a direct consequence of this H3-type specialisa-
tion. Although our finding is in concordance with this, it broadens 
the biological utilisation of H3.3. Deposition of H3.3 has until now 
been linked to transcriptionally active loci 177, 185-187. Here we dem-
onstrate that utilization of histone H3.3 is linked to DNA synthesis 
independent histone deposition, not involving gene activation; the 
zygotic chromatin is not transcriptionally active through G1 125. 
Throughout the animal kingdoms, sperm specific protamine-based 
chromatin is a common phenomenon 133. The protamine-nucleo-
some transition will consequently result in a high paternal H3.3 con-
tent. The parental H3-type asymmetry observed here however, will 
not be an absolute on. Female germ cells enter meiotic prophase I 
arrest during foetal growth. Release follows from hormonal stimula-
tion at reproductive age, subsequent to the period of oocyte growth 
during follicle development that demands transcription. Both the 
long time meiotic arrest, in which deposition of H3.1/H3.2 is likely 
to be minimal, and the transcriptional activity, when H3.3 is prone 
to be deposited at active chromatin, will probably elevate the H3.3 
content of the maternal chromatin. From this we conclude that H3.3 
is far more abundant in the early embryonic chromatin then previ-
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ously may have been realised. 
The general idea regarding nucleosome deposition during S-phase 
is that the newly synthesised DNA is assembled on parental and de 
novo synthesized nucleosomes. This implies that the level of origi-
nal H3.3 in the paternal chromatin is diluted 2-fold every round of 
replication. With the paternal level of H3.3 containing nucleosomes 
close to 100%, this implies that in the G1 of the 2-cell zygote levels 
are reduced to ~50% and after the second S-phase to around 25% 
(if we ignore H3.3 deposition induced by transcriptional activation 
and possibly H3.1 deposition linked to DNA repair). It is during the 
second S-phase that a repressive state of chromatin for transcrip-
tion is established 184. Whether the drop of paternal H3.3 content 
to 25% in some way is linked to the reduced transcriptional activity 
observed in this S-phase remains to be investigated. The idea that 
H3.3 has an intrinsic transcription facilitating capacity has not yet 
been tested. 
In mouse spermiogenesis, the nucleosome-protamine transition will 
diminish heritage of lysine methyl marks of paternal chromatin af-
ter gamete fusion. Initial asymmetry in the zygote is therefore a 
direct consequence of the almost absolute absence of nucleosomes 
in mouse sperm. The observed asymmetries are not all restricted 
to zygotic chromatin. In the 2-cell embryo, the paternal and ma-
ternal chromatin are still asymmetric for the heterochromatin as-
sociated marks Me(2,3)H3K9 and Me(3)H4K20 29, 79, 158. At the 4-
cell stage chromatin is homogenously stained for Me(2,3)H3K9 and 
Me(3)H3K27, indicating that the corresponding Histone Methyl 
Transferases (HMTases) are active at that time 157, 158. This has in-
deed been shown for the Me(2,3)H3K9 HMTases 158. Thus, at least 
two histone lysine tri-methyl marks, perhaps more, appear in the 
paternal chromatin of the 4-cell embryo. 
Absence of Me(3)H3K9 results into a-specific and more loosely 
bound HP1-β to the paternal chromatin (see fig. 7E). HP1 plays a 
central role in formation and maintenance of heterochromatin by 
binding Me(3)H3K9. Interestingly the three isoforms of HP1 (α, β, 
γ) all have different times of appearance: HP1-α was not detected up 
to the 4-cell stage, HP-1β was present in zygotic G1 and presence of 
HP1- γ has been observed in S/G2 phase of the zygote 108. 
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Possibly the instalment of modifications that induce chromatin com-
paction, like Me(3)H3K9, is prolonged until full reprogramming of 
the paternal genome is realised, as a way to prevent preliminary 
locking of chromatin domains into a more static form. During this 
reprogramming, several processes involving chromatin remodelling 
are likely to benefit from a more open chromatin structure of which 
we can mention three.
First, the deposition of maternal nucleosomes is probably occurring 
randomly onto the paternal DNA, placing regulatory sequences in 
a less favourable context. It has been suggested that the first round 
of DNA replication is used as an opportunity for the maternally 
derived transcription machinery to gain access to their target se-
quences 184 thereby explaining the stimulating effect of the zygotic 
S-phase on the level of transcription in the 2-cell stage 125. The slid-
ing of nucleosomes that will accompany this process will benefit 
from reduced chromatin condensation. 
Second, the active removal of DNA methylation in the paternal 
chromatin is finalized six hours after gamete fusion 163. The as yet 
unidentified machinery responsible for removing these marks is 
also likely to benefit from a lack of chromosome condensation, as 
hypothesized earlier by Cowell et al., 79. 
And third, repair of DNA lesions, which is always accompanied 
with chromatin remodelling, will be swifter. The lower incidence 
of chromosomal abnormalities after ionising radiation at G1 in the 
paternal PN, when compared with the maternal PN might be a re-
flection thereof 166.
Thus, another motive for refraining from histone lysine methyl 
marks in paternal chromatin could be the embryo’s need to erase 
the paternal DNA-methylation settings. As mentioned above, pa-
ternal DNA is actively de-methylated within 6 hours after gamete 
fusion 163. In contrast, the maternal DNA does only undergo passive 
removal of this mark at S-phase caused by the absence of the main-
tenance DNA methyltransferase Dnmt1 165. Interplay between DNA 
methylation and histone lysine methyl marks has been described for 
Me(3)H3K9 in pericentric heterochromatic regions of mammalian 
cells where Me(3)H3K9 is able to direct DNA methylation 188. If 
DNA methylation and lysine methyl marks interact, an erasure of 
paternal chromatin settings could be a prerequisite for proper em-
bryo development. Prohibiting formation of these interacting lysine 
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methyl marks will then protect the future embryo from a precocious 
setting of paternal chromatin marks through an untimely interplay 
with DNA methylation, which is still present when the protamine-
nucleosome transition has taken place 163. 
Although the endpoint of demethylation of the paternal DNA has 
been described (6h post gamete fusion) 163), the onset of this process 
is less clear. If demethylation of the paternal DNA commences after 
PN formation, the possibility exists that during the pre-PN stage, 
some of the epigenetic memory that is coded via DNA methylation, 
is transmitted through Me(1)H4K20, the only histone lysine methyl 
modification we found to be present from the beginning of sperm 
chromatin expansion on (see fig. 6E). 
Deviating from the repressing tri-methyl lysine marks is Me(3)H3K4, 
which is associated with transcriptional activity 189. The initially ob-
served asymmetry for Me(3)H3K4 fully disappears 12 hours after 
gamete fusion when intensity levels are equal in the parental PNs 
160. Appearance of this mark might be linked to the transcriptional 
activation of the zygotic genome. The appearance of Me(1)H3K4 
around the onset of PN formation appears to be a pre-requisite here 
for. 
A role in sensing DNA damage for H4K20 methylation?
A recent finding in fission yeast indicates a role in DNA damage 
sensing for H4K20 methylation. In Schizosaccharomyces Pombe methyl-
ated H4K20 has been shown to form a binding site for the DNA 
damage cell cycle signalling protein Crb2 (a p53PB1 homologue) 190. 
A role for MeH4K20 in DNA damage sensing has not been estab-
lished in mammalian cells yet and it is therefore uncertain whether 
Me(1)H4K20, which we observe in the paternal chromatin from the 
onset of nucleosome formation on (see fig 6E), has a direct func-
tion in DNA damage sensing. Although not determined yet, the si-
multaneously appearance of Me(1)H4K20 with massive nucleosome 
assembly could imply that the HMTase responsible for this mark is 
part of the general nucleosome deposition machinery, increasing the 
likelihood of a biological function.  
The differences observed in localisation of this mark between the pa-
rental nuclei can be explained by absence or inactivity of HMTase(s) 
that convert the mono methyl mark to di- or tri-methyl. This is most 
clear in the peri pre-cursor nucleolar region where the constitutive 
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heterochromatin is located. In the maternal PN, Me(1)H4K20 is ab-
sent in this region but Me(3)H4K20 is present while in the paternal 
PN only Me(1)H4K20 shows up at this location (see fig. 6D). This 
is another demonstration of the lack of distinction between euchro-
matin and heterochromatin in the male chomatin. Me(2)H4K20 
was the only mark absent in both PNs (see fig. 6D). Elevated levels 
cause cytokinesis defects, as has been recently described 191. The 
authors hypothesize that due to the stable nature of lysine methyla-
tion, a switch from mono- to di-methylation may result in a regula-
tory dead end 191. Knowing that Me(3)-H4K20 is strictly localised in 
constitutive heterochromatin 29, 192 and Me(1)-H4K20 in euchroma-
tin, Me(2)-H4K20 levels might be kept low to avoid an ambiguous 
choice between these two states in early development. The H4K20 
HMTases that have been described is are mono-/di-methylases (pr-
Set7, also referred to as Set8) 171, 193 and two tri-methylases (SuvH4-
K20a and b) 192. Our data indicate presence of another, specific 
H4K20 mono-methylase or a mechanism that narrows prSet7/Set8 
activity to converting H4K20 into Me(1)H4K20.
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Supplementary data section 2.4
Figure S1 Reactivity of #34 
with (modified) histone 
H3.1 and H3.3 peptides 
A) Reactivity of #34 with 
directly coated peptides. 
The titer is calculated as the 
concentration of #34 giving 
an OD of 0.5 at 450 nm. B) 
Inhibition of the binding of 
#34 to unmodified H3.1(18-
37) by (modified) H3.1 and 
H3.3 peptides. The inhibi-
tory concentration of pep-
tides that yields a 50% de-
crease of reactivity of #34 
with H3(18-37) is given as 
IC50.
Figure S2 Absence of binding of #34 in the paternal pronucleus is 
not due to neighbouring tail modifications
Double stainings for modifications and #34 in type b/c male nuclei. Im-
ages are cut out from whole zygote images. Bar represents 10 µM.
A) DAPI, AcH3K18 and #34, (n=20); B) DAPI, AcH3K23 and #34, 
(n=12); C) DAPI, Me(1)H3K27 and #34, (n=12); D) DAPI, Me(2)H3K27 
and #34, (n=6); E) DAPI, Me(3)H3K27 and #34, (n=20); 
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F) DAPI, PH3K28 and #34; (n=19). The arrow points at maternal com-
plement in telophase II.
Figure S3 Stainings of metaphase II oocytes
169
Figure S4 Stainings of cumulus cells
Section170 2.4
Table S5 Relative intensity of ab’s at the different developmen-
tal stages and cumulus cells
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Abstract
In the mouse, the paternal post-meiotic chromatin is assumed to 
be devoid of DNA-repair after nuclear elongation and protamine-
induced compaction. Hence, DNA lesions induced thereafter will 
have to be restored upon gamete fusion in the zygote. Misrepair of 
such lesions often results in chromosome type aberrations at the first 
cleavage division, suggesting that the repair event takes place prior 
to S-phase. During this stage of the zygotic cell cycle, the paternal 
chromatin transits from a protamine- to a nucleosome-based state. 
We addressed the question whether the canonical signalling path-
way to DNA double strand breaks (DSBs), the phosphorylated form 
of histone H2AX (γH2AX) is active during chromatin restructur-
ing of the male genetic complement in the zygote.
Here, we describe the detailed characterization of γH2AX signal-
ling in the early stages of zygotic development up to the appearance 
of the pronuclei.
We have found the γH2AX signalling pathway to be already active 
during sperm chromatin remodelling after gamete fusion in a dose 
dependent manner, reflecting the amount of DSBs present in the 
sperm nucleus after in vivo male irradiation. Using DNA damaging 
compounds to induce lesions in the early zygote, differences in DSB 
sensitivity and γH2AX processing between paternal and maternal 
chromatin were found, suggesting differences in DNA repair ca-
pacity between the parental chromatin sets.
γH2AX signalling during sperm chromatin remod-
elling in the mouse zygote
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Introduction
Throughout the course of evolution, organisms have acquired DNA 
repair to cope with the fact that the genetic material is not chemi-
cally inert. The DNA in any cell can be altered in many ways, from 
mere base changes possibly leading to changes in the genetic code, 
to highly deleterious breaks in the double helix. The sources of these 
varied forms of damage can either be exogenous, i.e. irradiation and 
chemicals, or endogenous, i.e. reactive metabolites and DNA repli-
cation errors 1 (and references herein). Hence, there are a plethora of 
proteins, i.e. protein modifications, which aid in the processing of 
these alterations. These molecules can be grouped into either “sen-
sor”, “transducer” or “effector” molecules for every repair pathway 
that has been described so far 2.
A well-studied signalling response is the one reacting to a DNA 
double strand break (DSB). Within minutes, the cell reacts to a DSB 
by phosphorylating the histone H2A variant, H2AX, at serine 139 
(serine 129 in S.cerevisiae) in the nucleosomes surrounding the DSB 
over a megabase domain. This phosphorylated form is referred to 
as γH2AX 3, 4. The reaction is catalyzed by the phosphoinositide 
3-kinase related kinases (PIKKs), ATM, ATR and DNA-PKcs and 
shows a tight correlation with the amount of DSB present in the 
DNA 3, 5-7. The number of DSBs produced by the decay of 125I incor-
porated into nuclear DNA further strengthens the notion that each 
γH2AX focus represents an individual DSB 8. γH2AX subsequently 
attracts other factors involved in the repair of the break 9. The com-
parison of DSB repair by pulse field gel electrophoresis (PFGE) and 
γH2AX foci dynamics has shown that the disappearance of γH2AX 
foci coincides with the actual repair 10, 11. This supports the gener-
ally accepted idea that the formation of and loss of γH2AX foci are 
indicative of recognition and repair of DNA DSBs 12 (and references 
herein). 
In sexual reproduction, the origin of every new multicellular life 
starts with the fusion of a male and female gamete. In contrast to 
somatic cells, the zygote mainly generates non-translated transcripts 
13, 14. In the mouse, transcription becomes fully functional during 
“zygotic gene activation” (ZGA) in the G2 phase of 2-cell stage em-
bryo 15 (and references herein) 16 and even later in the human 17 and 
farm animals 18, 19. Hence, the mRNAs and proteins stored in the 
maternal gamete, the oocyte, will have to provide the zygote with 
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the necessary molecules to perform all its basic cellular functions till 
ZGA. DNA repair pathways are active during this early pre-ZGA 
stage of life 20, 21 and transcripts for repair genes are more abundant 
then in later preimplantation stages 22. In addition to the altered cel-
lular physiology as compared to somatic cells, the zygote has several 
cell cycle and chromatin related properties that are fundamentally 
different from somatic cells. After gamete fusion, parallel to the 
resumption of the female 2nd meiotic division, an extensive remodel-
ling of the paternal chromatin takes place (reviewed in 23, 24 ).
Prior to gamete fusion, during spermiogenesis, the post-meiotic 
spermatid nucleus undergoes a rigorous alteration of its chromatin, 
stepwise removing most of the nucleosomes from the DNA and 
replacing them with protamines which enable the high degree of 
compaction found in the sperm nucleus 25. After entry in the oocyte, 
reversal to nucleosome-based chromatin is a necessity to enable pro-
gression into a pronucleus that can enter S-phase in conjunction 
with the maternal pronucleus 26.
The spermatid nucleus is devoid of DNA repair upon the start of 
protamine-induced compaction at stage 12 of spermatogenesis 27, 
28, some 2 weeks before ejaculation. Hence, DNA lesions present 
in the paternal nucleus at this period, will have to be repaired after 
entry into the oocyte, by factors stored herein. Repair of male DNA 
lesions takes place by the oocyte 21, 29 and misrepair often results in 
chromosome type aberrations at first cleavage suggesting the repair 
event to take place prior to S-phase 30, 31.
After gamete fusion, when the oocyte completes the second meiotic 
division, the sperm nucleus quickly sheds its protamines and rapidly 
acquires a nucleosome based state 32. This is morphologically re-
flected by a consecutive decondensation and recondensation of the 
male nucleus 33. This difference in origin of the parental chromatin 
results in a different histone composition (predominantly histone 
H3.3 in the pre-S phase paternal pronucleus) 26, 32 and post transla-
tional histone modification asymmetry (PTM) 26, 32, 34-40. These dis-
similarities confer specific chromatin configurations and might be 
related to the differences in response to DNA damage induction in 
the male and female complement of the zygote 31.
The repair of DNA damage present in the parental genomes is cru-
cial for embryonic development 41. A role for γH2AX signalling in 
the zygote for both male and female chromatin could be expected 
Section196 3.1
shortly after fertilisation, as a consequence of male chromatin re-
modelling. Here we describe γH2AX signalling in the early zygote 
up to pronucleus formation. We found that shortly after gamete fu-
sion γH2AX signalling is active and reacts to various DNA damag-
ing agents. In addition, we show a difference in sensitivity to DNA 
damaging compounds for the paternal and maternal chromatin fol-
lowed by sex specific repair kinetics.
Materials and Methods
Sperm Irradiation
DNA-damaged sperm was generated by whole body irradiation of male 
CBA/B6 F1 mice up to 3 days prior to sperm isolation for in vitro fertili-
sation using (external beam radiation) 6-MV photons of an Elekta linear 
accelerator (Crawley, UK) with a dose-rate of 0.5 Gy/min in doses of up 
to 4 Gy. The administered dose was verified using TLD (thermo lumi-
nescent dosimetry) measurements.
Gamete Collection and IVF
Gametes were obtained for in vitro fertilisation as described before 32. 
Briefly, mice were housed with adjusted light hours set at 9.00-21.00. 
Sperm was obtained from the caudae epididymis of 6-20 weeks old CBA/
B6 F1 mice and exposed to capacitation medium (HTF, Cambrex, BE02-
021F), 3%(w/v) BSA (Sigma, A-4503), 10 µM adenosine (Sigma, A-5762; 
a capacitation stimulator 42 ). Capacitation was performed at 37°C, 5% 
CO2 in air for 1-1.5 hours. 
Superovulation was induced in B6/CBA F1 mice (4 to 12 weeks old) by 
injecting 7.5 U PMSG (Intervet, Boxmeer, The Netherlands) between 
18.00-19.00 and 7.5 U HCG (Intervet) 48 hours later. Secondary oocytes 
plus adhering cumulus cells were placed in 50 µl droplets of IVF medium 
(HTF, 0.5% (w/v) BSA) covered with light mineral oil (Irvine Scientific, 
#9305) equilibrated with sterile PBS. Sperm was added to these droplets 
in a final concentration of ~ 1.5*106 cells/ml.
Timing of zygote development
By paraformaldehyde (pfa) fixation (see below under fixation and immu-
nofluorescence) and DAPI-staining at various time points post insemina-
tion (pi), it was determined that the majority of secondary oocytes was 
penetrated around 70 min pi 32. For the visualisation of γH2AX signalling 
during male chromatin remodelling, zygotes were fixed at various time 
197
points, yielding zygotes at different stages of development with distinct 
morphologies for the paternal nuclei as described before 32, 33: 90 min pi 
(early decondensing male chromatin), 105 min pi (progressed decondens-
ing male chromatin), 150 min pi (recondensing male chromatin) and 280 
min pi (pronuclei). At all time points, some variation in nuclear morphol-
ogy remained. The differences in timing of gamete fusion between zy-
gotes in vitro are small. However, the process of sperm head decondensa-
tion is rapid. All zygote time points mentioned in this report (except for 
the Materials and Methods section, which only gives actual time pi) are 
compensated for the 70-minute lag phase to give the approximate time 
periods after gamete fusion for the described stages.
DNA damaging agents
Etoposide (VP-16) (Sigma, E-1383) and Bleomycin (Pharmachemie BV, 
Haarlem, Netherlands, 6012159) were dissolved in DMSO and PBS re-
spectively. Stock concentrations of 10mM Etoposide and 7.5 U/ml Bleo-
mycin were stored at –80 and –20 °C. Pilot experiments using Etoposide 
were based on the finding that this drug induces massive chromosomal 
aberrations in the male nucleus when administered during and after chro-
matin remodelling 43. Therefore, zygotes were placed in the indicated 1 
µM Etoposide in IVF medium at 90 or 120 minutes pi and cultured up 
to the recondensing male nucleus stage (150 minutes pi, 60 and 30 min 
exposure respectively). Zygotes were either fixed at 150 min pi or washed 
in fresh IVF medium and cultured till the pronucleus stage (fixation at 
280 min pi).
To phenocopy the γH2AX foci patterns found in zygotes from irradiated 
sperm (3-4 Gy) a pulse-like drug exposure was given during the sperm 
decondensation phase (120 min pi). Zygotes were placed in droplets of 
IVF medium containing either 0.25 µM Etoposide or 750 µU/ml Bleo-
mycin for 5 min. After drug treatment the zygotes were washed 5 times 
in droplets of IVF medium and returned to a centre well dish containing 
1 ml of IVF medium. Zygotes were cultured up to the sperm recondensa-
tion phase (155 min pi) or pronuclear stage (285 min pi).
Antibodies
The γH2AX mouse monoclonal (Upstate #05-636, clone JBW301, 
1:10,000) was used throughout, the γH2AX rabbit polyclonal (Upstate 
#07-164, 1:1,000) to verify several findings.
Rabbit anti-H3K9me2, 1:500 (Dr T. Jenuwein) 44 was used to discrimi-
nate between paternal and maternal pronuclei, solely staining the mater-
nal pronucleus 32.
Rabbit anti-H3S10ph (Upstate #06-570, 1:1,000) served to follow sperm 
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nucleus development 45.
Secondary abs were applied as following: Molecular Probes, Oregon, 
USA: A11001 fluor 488 goat anti-mouse IgG (H+L), A11012 fluor 594 
goat anti-rabbit IgG (H+L), both in a 1:500 dilution. 
All secondary abs were tested for non-specific binding, which was never 
observed.
Fixation, immunofluorescence (IF) and foci quantification
Before fixation of the zygotes the zona pellucida was removed by acidic 
tyrode (pH 2.5) containing 1% (w/v) BSA. Thereafter cells were immo-
bilised in a fibrin clot 46 (fibrinogen obtained from Calbiochem, #341573; 
Thrombin from Sigma, # T-6634). IF was applied as described before 
47. γH2AX foci were counted by one observer (AAHAD). The paternal 
chromatin and maternal chromatin were analysed separately. At the re-
condensing sperm stage (150 min pi), pre-pronuclear maternal chromatin 
was quantified only when an unambiguous spatial distinction with the 
chromatin of the second polar body could be made.
Collection of images
Images were collected with a Zeiss axioplan fluorescence microscope. 
Pictures were captured by a Zeiss AxioCam MR camera with Axiovi-
sion 3.1 software (Carl Zeiss). All images shown are either a single plane 
derived from stacks with z-axis intervals of 0.4 µm or deconvoluted pro-
jections created with Metamorph software version 6, using the nearest 
neighbour mode.
Statistics
Non-parametrical statistical analysis was performed using Prism (Graph-
pad) and SPSS (Appache software foundation) software. Details are indi-
cated in the figure legends.
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Results
Irradiation induced DNA double strand breaks in sperm from 
the cauda epididymis elicit a H2AX phosphorylation response 
during sperm chromatin remodelling
Before the onset of fertilisation, the mammalian secondary oocyte is 
arrested at meiotic metaphase II. Metaphase II chromatin is highly 
decorated with a fine punctuated γH2AX signal (Figure 1A, using 
the two independent antibodies). After gamete fusion, the zygote 
finishes the second meiotic division. During the progression of ana-
phase II, the maternal chromosomes start to loose their γH2AX 
staining (Figure 1B and C) and this signal has diminished within 30 
minutes after fusion. Hereafter, no DNA damage related signal was 
found in the pre-pronuclear female derived chromatin. The second 
polar body often contained large γH2AX foci (data not shown).
In the zygote, H3S10ph shows a gradual increase during the de/
recondensation phase of sperm chromatin, brightly decorating the 
recondensed sperm chromatin (Figure 1H). The female chromatin 
shows a gradual decrease of this PTM during the metaphase II to 
telophase II transition. The transitory state of this mark is apparent 
at the pronucleus stage, when both PNs hardly contain H3S10ph 
45. Hence, we have used this PTM, in conjunction with DAPI mor-
phology, as an indicator for the progression of male nuclear remod-
elling. During the remodelling of the paternal chromatin, a diffuse 
γH2AX staining becomes apparent in the decondensing sperm nu-
cleus, whether the sperm has been irradiated or not. Qualitative ob-
servations on γH2AX foci dynamics were made using 3 Gy irradi-
ated sperm. Irradiated and non-irradiated male nuclei did not show 
qualitative differences in γH2AX signals. At sites where histone H3 
is phosphorylated at serine 10 (H3S10ph) compactions of γH2AX 
signal become apparent (Figure 1D, E). During the continuation of 
decondensation, a fuzzy focus like γH2AX staining pattern starts 
to build up within the diffuse γH2AX “background” (Figure 1F 
and G). Approximately 80 minutes after gamete fusion, the male 
chromatin is in its recondensation phase and shows very bright 
γH2AX foci in a faint γH2AX background staining. H3S10ph fully 
decorates the recondensing male nucleus (Figure 1H). At this stage, 
clear differences in γH2AX focus morphology could be observed. 
Small specks of signal (Figure 1H, arrow) were distinguished from 
amorphous foci clearly larger then these specks but varying in size, 
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collectively called large foci (Figure 1H, asterisk). The formation 
of γH2AX foci could be prevented by incubating the zygotes in 
100 µM Wortmannin, a PI-3 kinase inhibitor, in culture medium 
(data not shown). After chromatin remodelling of the male nucleus, 
the zygote starts to form the paternal and maternal pronuclei. Ap-
proximately 210 min after gamete fusion, when the pronuclei had 
formed, predominantly small γH2AX foci were observed in the pa-
ternal one. The female pronucleus never showed signs of γH2AX 
staining (Figure 1I and 1J).
Irradiation induced γH2AX foci show a dose related response 
in male chromatin
In somatic nuclei the amount of γH2AX foci formed is tightly cor-
related with the amount of DSBs introduced 3. In order to investi-
gate whether this proportionate reaction exists in zygotes, oocytes 
were inseminated with sperm isolated from the cauda epididymis 
of (non-) irradiated mice, followed by analysis for γH2AX foci at 
the recondensing sperm and pronuclei stages. At the recondensing 
Figure 1 Signalling of DNA double strand breaks in mouse second-
ary oocytes and early zygotes Pseudocoloured images of cut outs of 
oocytes fused with 3 Gy irradiated sperm. (A) γH2AX staining of the 
meiotic chromosomes arrested at metaphase II (n=115). (B) Onset of 
maternal anaphase II (n=5); (C) progressing anaphase II (corresponding 
male chromatin in D, E, approximately 20 minutes after penetration) 
(n=14). (D) γH2AX staining of the decondensing male chromatin at an 
early state of remodelling co-stained with phosphorylated histone H3 
at serine 10 (H3S10ph), (E) corresponding DAPI stain. (G) Progressed 
decondensation of the male chromatin (approximately 35 minutes after 
fusion) (DAPI, n=19), (F) stained for γH2AX and H3S10ph. (H) Recon-
densed male chromatin showing bright γH2AX foci ~80 minutes after 
sperm penetration (n=38). Variation in focus morphology: examples of 
small γH2AX foci are indicated with an arrow, large γH2AX foci are 
indicated with an asterisk. (Additional examples in Supplementary Fig-
ure 2)  (I) The pronuclear stage, approximately 3.5 hours after fusion, 
(DAPI/γH2AX, n=38), (J) corresponding maternal specific H3K9me2 
staining. Bars indicate 10 µm, first bar (A, B, C, D, E, F and G), second 
bar (H) and third bar (I and J).
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male chromatin stage (~80 min after fusion, Figure 1H) the large 
foci showed a clear dose response relation (Figure 2 and Table 1). 
Although, a high degree of variability was observed, a significant 
increase in the number of large γH2AX foci in response to sperm 
irradiation was found (Table 1). The high degree of variability was 
also observed for small foci, while no increase due to irradiation was 
noticed. No correlation was found between the number of small 
and large foci per male nucleus. Strikingly, both small and large 
γH2AX foci were present in recondensing male nuclei from non-ir-
radiated mice, with 50% of non-irradiated male nuclei containing at 
least 1 large γH2AX focus. This fraction rises with increasing doses 

 
   


       

−



       
  
 

        
 
∆
      
  
 
∆
      
  
At each dose of irradiation of epididymal sperm, the mean numbers of 
large and small foci are given for two early zygote stages. SE= Stan-
dard Error. Number of zygotes between parenthesis. Matched symbols 
indicate significant differences by non-parametric statistical analysis. 
The relative reduction of large γH2AX foci, comparing the PN and 
recondensing male chromatin stage, are indicated in the last column. 
* Indicates significant differences (P<0.001) between 0 and X Gy determined by Kruskal-
Wallis and Dunn’s posttest.
# Indicates significant differences (P<0.001) between 1 and X Gy determined by Kruskal-
Wallis and Dunn’s posttest.
∆ Indicates significant differences (P<0.05) determined by Mann Whitney test.
$ Indicates significant differences (P<0.01) between 0 and X Gy determined by Kruskal-Wal-
lis and Dunn’s posttest.
& Indicates significant differences (P<0.05) between 3 and X Gy determined by Kruskal-Wal-
lis and Dunn’s posttest.
Table 1 Statistics of irradiation induced γH2AX foci shown in fig-
ure 2
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of irradiation (1 Gy, 68%; 3 Gy, 97%; 4 Gy, 100%).
Chromatin of PN-stage zygotes, derived from either non-irradiat-
ed or irradiated sperm, showed a reduction in the number of large 
γH2AX foci compared to the recondensing male chromatin stage 
(Figure 2 and Table 1). However, irradiation of sperm did elevate the 
level of small γH2AX foci at the PN stage. The fraction of PN-stage 
zygotes that did contain large γH2AX foci was slightly elevated af-
ter sperm irradiation, being 22% in PN from non-irradiated sperm 
and 39% (3 and 4 Gy) in PN from irradiated sperm. However, the 
average numbers of foci did not vary significantly between these 
groups (Table 1).
By comparing the number of large γH2AX foci at the recondensing 
male chromatin stage with the corresponding amount at the PN 
stage, the relative reduction of foci for each irradiation dose was cal-
Figure 2 Dose response of γH2AX foci in male chromatin at two 
stages of early zygotic developmental to irradiated sperm The two 
panels show the quantitative data at the recondensing male chromatin 
stage (80 min post fusion) (visually represented in Figure 1H) and pro-
nucleus stage (210 min post fusion) (visually represented Figure 1I). Both 
large and small foci are indicated in their respective plots. Each triangle 
indicates a single zygote, with n given at the top of each column. The 
horizontal grey lines indicate the mean number of foci in each sample. 
Averages and standard errors can be found in table 1.
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culated (Table 1). This gives an estimate of the efficiency by which 
the zygote removes irradiation induced large γH2AX foci from its 
chromatin, hence, an approximation of the repair efficiency. 
DNA damage induction during sperm decondensation evokes 
a prominent γH2AX response
To analyze whether the mouse zygote is able to sense exogenous-
ly induced DNA damage during the male chromatin remodelling 
phase, cells were treated with the Topoisomerase II inhibitor, Eto-
poside (VP-16), during the decondensation phase. Etoposide is a 
likely candidate to induce a significant amount of foci since it has 
been shown to induce massive chromosome aberrations in one cell 
androgenones 43 and Topoisomerase II plays an active role during 
male chromatin remodelling in the zygote 48, 49.
Initially, zygotes were continuously incubated with 1 µM of Etopo-
side from 20 min after gamete fusion up to the sperm recondensa-
tion phase (~80 min after fusion) resulting in a 60 min incubation 
Figure 3 Etoposide and Bleomycin induced γH2AX signalling in 
zygote development during sperm chromatin remodelling. A, C, D 
and F show the progressing maternal ana/telophase and corresponding 
male chromatin in the inset. B, E and F show the paternal (left) and 
maternal (right) PN (staining for the maternal specific H3K9me2 in the 
inset). In all colour figures DAPI is pseudocoloured in red and γH2AX 
in green. (A) During early male chromatin decondensation (20 min post 
penetration) zygotes were exposed to 1 µM Etoposide for one hour and 
analysed (80 min after penetration; n= 21). (B) Zygotes that had received 
this treatment were recovered up to the PN stage (210 minutes after pen-
etration; n=17). (C) The effect of a shorter exposure (30 min) to 1 µM Et-
oposide, starting 50 minutes after fusion (n=14). Zygotes which received 
a pulse-based administration of either (D) 0.25 µM Etoposide or (F) 750 
µU/ml Bleomycin, during male chromatin remodelling (50 min after fu-
sion), were analysed at the recondensing male chromatin phase (80 min 
post fusion) (n=28 and n=41 respectively) or PN stage (E; n=21 and G; 
n=37 respectively). * Indicates the presence of large γH2AX foci in one 
or both PNs. Bar indicates 10 µm, bars are matched to each respective 
group; recondensed male chromatin insets, maternal ana/telophase II 
groups and PN stage zygotes.
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(Figure 3A). In contrast to the faint γH2AX signal normally found 
in progressing anaphase (Figure 1C) a dominant domain-like stain-
ing of γH2AX was observed in the maternal chromatin of most 
zygotes (20/21). The recondensing male chromatin also showed an 
induction level far beyond that of 3 or 4 Gy irradiated sperm (Figure 
3A, inset). After exposure to 1 µM Etoposide for 30 min, starting at 
late male chromatin decondensation (approximately 50 minutes after 
gamete fusion), a different pattern was found in zygotes at the male 
chromatin recondensation phase, ~80 min post fusion. This later 
initiated incubation resulted in a severe reduction in the amount 
Figure 4 γH2AX foci in zygotic chromatin in response to DNA 
damaging agents during male chromatin remodelling measured 
at two developmental stages Two panels show the quantitative data on 
foci development at the recondensing male chromatin stage (80 min post 
fusion; visually represented in Figure 3D and 3F) and PN stage (210 min 
post fusion; visually represented in Figure 3E and 3G) after 5-minute 
exposure of zygotes to drugs during sperm remodelling (50 min after fu-
sion). Both the paternal and maternal response to the treatment is given 
compared to control sperm from Figure 2 (0 Gy). Large and small foci 
are indicated in their respective plots. Each triangle indicates a single 
zygote, with n given at the top of each column. The horizontal grey lines 
indicate the mean number of foci.
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of γH2AX signal formed at maternal ana/telophase (Figure 3C). 
The recondensing male chromatin also showed a reduction (Figure 
3C, inset) but no quantitative data were collected. Zygotes with a 
history of a 60 min exposure to 1 µM Etoposide during their male 
chromatin remodelling stage (Figure 3A) were still showing a sig-
nificant amount of γH2AX signal in both the maternal and paternal 
pronucleus with the latter staining stronger (Figure 3B). In addition, 
the paternal pronuclear morphology was distorted, showing an un-
structured chromatin mass (compare Figure 3B with 3E).

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Table 2 Statistics of drug induced γH2AX foci shown in figure 4
For each drug the mean number of large and small foci for both the 
paternal (P) and maternal (M) complement are given at their respec-
tive developmental stages. Control sperm (0 Gy) data from table 1 
is also given. SE= standard error. Number of zygotes between pa-
renthesis. The relative reduction of large γH2AX foci, comparing the 
PN and recondensing male chromatin stage, is indicated in the last 
column. This could not be calculated for the maternal complement 
after Etoposide treatment due to the low damage induction. Sym-
bols: significant differences by non-parametric statistical analysis. 
* Indicates significant differences (P<0.01) between the given treatment and 0 Gy at recon-
densing sperm stage determined by Kruskal-Wallis and Dunn’s posttest.
# Indicates significant differences (P<0.01) between the given treatment and 0 Gy at the PN 
stage determined by Kruskal-Wallis and Dunn’s posttest.
& Indicates significant differences (P<0.01) between maternal chromatin at given stage and 
treatment determined by Mann-Whitney test.
$ Indicates significant differences (P<0.05) between maternal chromatin at given stage and 
treatment determined by Mann-Whitney test.
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To further analyse the kinetics of exogenously induced γH2AX foci 
in the early zygote, a 5 min pulse of Etoposide was given during 
male chromatin decondensation (50 min after gamete fusion), to 
be compared with a pulse of Bleomycin, a radiomimetic inducer of 
single and double strand DNA breaks ( 50 and references herein). 
γH2AX foci formed in zygotes treated with either compound were 
quantitatively analysed, at the recondensing male chromatin and PN 
stages (80 min and 210 min after gamete fusion respectively) (Fig-
ure 4 and Table 2).
Both compounds induced γH2AX foci formation in the male nu-
cleus above background levels. (Figure 3D and 3F, inset). Maternal 
chromatin of resting metaphase II oocytes was liable to damage 
induction using both compounds (Supplementary Figure 1). How-
ever, maternal chromatin in zygotes was significantly affected by 
Bleomycin only in these pulse-based treatments (Figure 3D and 3F), 
indicating a difference in sensitivity between paternal and mater-
nal chromatin for these two clastogenic compounds. In contrast to 
PN-stage zygotes derived from irradiated sperm (Figure 1I), drug 
treated zygotes showed a higher abundance of large γH2AX foci in 
their pronuclear chromatin (Figure 3E and 3G). Both the paternal 
and maternal chromatin showed a reduction of the amount of large 
γH2AX foci in PN-stage zygotes, relative to the recondensing male 
chromatin stage, 80 min after gamete fusion (Figure 4 and Table 
2). After Bleomycin treatment, the maternal chromatin showed a 
much higher relative reduction of large γH2AX foci then the pater-
nal chromatin (Figure 4 and Table 2).
Discussion
Different aspects of γH2AX signalling
The analysis of γH2AX signalling in unfertilised oocytes and early 
zygotes yielded several distinct patterns. The metaphase II chromo-
somes of the arrested oocyte are brightly stained for γH2AX in a 
fine punctuate manner (Figure 1A). The physiology of the second-
ary oocyte resembles somatic cells in mitosis. Recently, a mitotically 
linked γH2AX signal not related to DSBs has been described in 
cell lines of several species, including mouse and human 51, 52. These 
studies have shown that this mitotic γH2AX signal, mainly depen-
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dent on ATM, is rapidly lost from the chromatin during progressing 
anaphase, returning to background levels at telophase. After sperm 
had fused with the oocyte, the maternal chromatin showed a simi-
lar loss of signal during the second meiotic division (Figure 1B and 
1C). Mitotic H2AX phosphorylation in somatic cells apparently is 
mechanistically conserved in the female gametes of mice.
In addition, we have found that during initial male chromatin re-
modelling (~20 min post fusion), the onset of γH2AX signalling 
emerges as concluded by the observation of faint γH2AX domains. 
These converge into more prominent γH2AX regions, finally lead-
ing to the distinction of two classes of γH2AX foci in a faint γH2AX 
background, typical for the nucleosome based paternal chromatin 80 
min after gamete fusion (Figures 1D, 1F, 1H). Focus formation was 
abolished upon PI-3 kinase inhibition, indicative for PIKK involve-
ment. The protamines within the male chromatin are fully substi-
tuted by nucleosomes 30 min after gamete fusion 32. It is around this 
time that the DSB related large γH2AX foci start to become visually 
apparent (Figure 1F), albeit less well defined compared to the mor-
phology found 80 min after gamete fusion (Figure 1H). Therefore, 
it is plausible that γH2AX signalling starts as soon as the chromatin 
template is a valid PIKK substrate, already during the protamine to 
nucleosome transition. The actual manifestation of γH2AX foci, as 
known in somatic nuclei, is only observed upon a further matura-
tion of the paternal chromatin fibre.
A dose response type analysis of γH2AX signal formation after ir-
radiation of sperm showed that the two focus types found in re-
condensed male chromatin have a different etiology. Whereas the 
small γH2AX foci showed no response to the administered dose, 
the large γH2AX foci showed a clear elevation with dose (Figure 2 
and Table 1).
In addition to the mitotic γH2AX signal described above, other 
forms of γH2AX signalling not directly linked to a DSB have been 
described, for instance in the sex body (X and Y chromosome) dur-
ing male meiosis 53. The addition of chloroquine, a DNA intercala-
tor that induces alterations in the twists of internucleosomal linker 
DNA, activates ATM in a non-DSB related manner as shown by IF 
staining 54. Therefore, changes in higher-order-chromatin organi-
sation can potentially influence γH2AX signalling. Chromatin re-
modelling of the sperm nucleus after incorporation in the oocyte is 
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one of the most extensive chromatin remodelling events found in 
biology. Hence, the nature of small γH2AX foci remains elusive and 
a link with sperm chromatin remodelling is plausible.
Large γH2AX foci induction and repair kinetics
Amorphous large γH2AX foci were found in the recondensing male 
chromatin, the number of which showed a correlation with the irra-
diation dose of the sperm in vivo (Figure 2). The degree of variance 
found in the number at each dose does not reflect an uncertainty 
in the counting of foci but is indicative for the stochastic nature of 
induction by radiation, as has been shown in somatic nuclei 55. For 
somatic cells an average of 30-35 γH2AX foci per Gy irradiation 
has been determined in G1 stage nuclei 7, 10, 11, 55-57. FACS analysis has 
shown that the ploidy of the nucleus quantitatively influences num-
ber 56. Therefore, a total number of 15-18 γH2AX foci per Gy ir-
radiation are expected for a haploid postmeiotic nucleus. Nothing is 
known about γH2AX foci kinetics in zygotes so far, but even when 
assuming a 30 to 40 percent reduction within the first 30 minutes 
after foci formation, as is observed in somatic cells 10, 9-13 foci per 
Gy irradiation are expected in the male nucleus at the recondensing 
Figure 5 Comparison of large γH2AX foci at recondensing male 
chromatin stage with No of breaks at first cleavage division as cal-
culated from literature data on the radio induction of chromosome 
abnormalities31 Plotted are the average number of γH2AX foci at each 
dose of irradiation with their corresponding number of breaks at first 
cleavage division calculated from fragments (1 break) and dicentrics (2 
breaks) Dose of sperm irradiation; 0, 1, 3 and 4 Gy.
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stage, ~80 min after fusion. Our data indicate a considerable lower 
number (Table 1).
This somatic-early zygotic difference can be due to several factors. 
The level of oxygenation in vitro and in vivo influences the amount 
of DNA breaks produced by irradiation, thereby rendering cells in 
the hypoxic testis radioresistant 58, 59. However, the epididymis is not 
considered to be hypo-oxygenated 60.
We have shown that the addition of DNA damaging compounds 
during male chromatin remodelling post gamete fusion induces 
large γH2AX foci in numbers higher than after in vivo irradiation 
of sperm, depending on dose and exposure time (Figure 3 and 4). 
This demonstrates that early zygotes are capable of “marking” a 
large number of DSBs by γH2AX signalling. Results from in vitro 
irradiated zygotes of the same age support this observation (data not 
shown). Therefore, the substantially lower amount of large γH2AX 
foci per Gy after in vivo irradiation is most likely due to the radiore-
sistant properties of the sperm nucleus 61. Conclusively, the amount 
of large γH2AX foci formed after in vivo irradiation of sperm in 
the recondensing male nucleus cannot be predicted from in vitro so-
matic cell experiments and clearly is much lower. However, a certain 
fraction of breaks could be quickly restored during early remodel-
ling of the male chromatin, which is Topoisomerase II dependent, 
and could thereby escape detection via the γH2AX pathway.
When comparing the number of breaks (calculated form the average 
number of chromosome type aberrations 31) with the average num-
ber of large γH2AX foci found in recondensing male chromatin, 
a linear relation was found (Figure 5, r2>0.99), strengthening the 
causality of these two radiation effect parameters.
The number of DSBs in nuclei of non-irradiated non-cycling so-
matic cells is about 0.05 55. Correcting for a haploid DNA content 
this would give 0.025 DSBs per nucleus as the background level. 
Non-irradiated sperm showed an average DSB level of 0.9 DSBs per 
male nucleus (Table 1), with 50% of the nuclei containing at least 1 
γH2AX focus. This suggests an induction by a factor of at least 36 
in remodelling male chromatin. During spermiogenesis, numerous 
DNA strand breaks can be detected at chromatin remodelling dur-
ing nuclear elongation 62. These transient DSBs are Topoisomerase 
II-induced and -religated 63. Topoisomerase II also plays a role dur-
ing sperm decondensation in the zygote 48. Therefore the relatively 
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high background of large γH2AX foci is likely due to the chromatin 
remodelling of the sperm nucleus 43. In agreement with this suppo-
sition, the Topoisomerase II inhibitor Etoposide is a strong inducer 
of γH2AX foci at chromatin remodelling. Under normal conditions, 
only a fraction of these breaks will lead to a γH2AX signal and are 
restored at high efficiency, since non-irradiated sperm does not give 
rise to a high number of chromosome aberrations 30, 31 (also indi-
cated by the 0 Gy point in Figure 5).
At the early pronucleus stage, the number of large γH2AX foci was 
reduced relative to numbers in the recondensing male chromatin. 
97-100% of 3-4 Gy irradiated sperm showed large γH2AX positive 
nuclei during chromatin remodelling, which was reduced to 39% 
in the early pronucleus. The relative reduction in number of foci 
at the PN stage was 0.8 and 0.9 for 3 and 4 Gy irradiated sperm 
respectively (Table 1). In somatic nuclei, the reduction of γH2AX 
foci after irradiation, hence repair of radiation induced DSBs, shows 
two distinct phases. A fast reduction to approximately 20% residual 
damage within the first 2 hours after induction and a slow reduction 
of the residual 10% damage starting approximately 4 hours after 
induction 10. These phases have also been connected to distinct bio-
chemical sub-pathways of repair and are linked to the complexity of 
the DSB 11. We analysed the PN stage 3.5 hours after gamete fusion. 
Taking into account sperm chromatin remodelling and the onset 
of γH2AX signalling, the DSBs we observed 2-3 hours after initial 
detection most likely are residual DSBs resilient to quick repair. So, 
a match with the fast repair kinetics as found in somatic nuclei is 
suggested.
The nature of a DSB is reflected in the kinetics of its repair. γH2AX 
foci of “easy breaks” disappear faster then those of “difficult breaks” 
that need end processing 11. Etoposide creates simple protein-
bridged DSBs, which upon Etoposide removal form frank DSBs 
that require repair by NHEJ 64. The radiomimetic agent Bleomycin 
generates both staggered and blunt end breaks 50, 65. The numbers 
of large γH2AX foci induced in decondensed male chromatin (Fig-
ure 4) after pulse-treatment with these compounds were on aver-
age, 3.1 (Etoposide) and 5.3 (Bleomycin) per male nucleus (Table 2). 
Both treatments resulted into residual large γH2AX foci in the male 
PN with a relative reduction of 0.55, indicating that 45% of large 
γH2AX foci were still found in the male pronuclei of these zygotes. 
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When comparing α-particles, that make complex breaks, with Eto-
poside, similar foci kinetics were found within the first 2 hours after 
exposure of somatic cells 11, both giving a relative reduction of 0.5-
0.6 (calculated from 11). Therefore, the similarity in foci reduction 
kinetics found for Etoposide and Bleomycin induced breaks appears 
to be in accordance with the somatic data of Riballo et al 11.
γH2AX DSB signalling within the zygote occurs in a dynamic 
system with differences between parental chromatin
Apart from the mitotic γH2AX signal, no spontaneous H2AX phos-
phorylation has been found in the pre-pronuclear maternal chroma-
tin of the zygote. However, using DNA damaging compounds, DSB 
signalling via γH2AX has been shown in the female chromatin as 
well (Figure 3). Several differences in response to DNA damaging 
agents between paternal and maternal chromatin of the zygote have 
been noted.
There was a clear difference in sensitivity for the compounds used. 
When treating zygotes during male chromatin recondensation (fe-
male chromatin in telophase II) with Etoposide, either during a 30 
min exposure (Figure 3C) or a pulse (Figure 3D and 4), a lower 
number of large γH2AX foci was found in the maternal chromatin 
(pulse: an average of 3.1 vs. 0.1 foci, Table 2). A similar tendency 
was found for a Bleomycin pulse (an average of 5.3 vs. 2.7 foci, Table 
2).
Etoposide influenced the maternal chromatin only at a higher con-
centration and a longer exposure time, starting at oocyte activation 
(Figure 3A). Treatment with Etoposide after anaphase II showed a 
reduction in sensitivity. A lower sensitivity of the female chromatin 
for Etoposide after the onset of anaphase I, established by the anal-
ysis of chromosome aberrations in Chinese hamster oocytes, has 
been described before 66. Also Etoposide sensitivity as a measure 
for Topoisomerase II activity is cell cycle specific, declining towards 
the end of M-phase 67. The decline in sensitivity when meiosis pro-
ceeds therefore reflects the reduction of Topoisomerase II activity. 
The difference in damage induction by Bleomycin for paternal and 
maternal chromatin is likely attributable to differences in chromatin 
structure 32.
Zygotes incubated for 1 hour in Etoposide, starting at oocyte activa-
tion, showed extensive damage in both paternal and maternal chro-
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matin (Figure 3A). Approximately 2 hours later, at the early pro-
nucleus stage, the paternal PN had diminished its γH2AX foci to a 
lesser extent then the maternal PN (Figure 3B). A Bleomycin pulse 
induced an average of 5.3 γH2AX foci in paternal and 2.7 –foci in 
maternal chromatin. The relative reduction at the PN stage was 0.55 
for paternal and 0.93 for maternal chromatin (Table 2). This would 
also indicate a higher repair capacity for the maternal chromatin 
compared to the paternal chromatin. However, when early zygotes 
were irradiated in vitro, a higher frequency of chromosome aberra-
tions was found for the maternal complement 31.
Conclusively, we have described the presence of the conserved DNA 
double stranded break signalling pathway via γH2AX in the mouse 
zygote. The signalling pathway is already active during male chro-
matin remodelling in the early stages of fertilisation and reacts dose 
dependent to DSBs present in the sperm. Both the kinetics of these 
breaks and of chemically induced DSBs, early after gamete fusion, 
suggest a quick repair component that is comparable to a G1 somatic 
cell system. When induction takes place after gamete fusion, female 
chromatin seems much more repair proficient than male chroma-
tin. The background level of γH2AX foci during male chromatin 
remodelling in the zygote is strongly increased when compared with 
a somatic cell system. However, these most likely Topoisomerase II 
related breaks do not lead to the genesis of chromosome abnormali-
ties at the first cleavage division.
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Supplementary Figure 1 Drug treated metaphase II oocytes Cut-
outs of metaphase II chromosomes stained with γH2AX (green) and 
DAPI (red). (A) 1 hour 1 µM Etoposide treatment. (B) 5 min pulse 0.25 
µM Etoposide (C) 5 min pulse 750 µU/ml Bleomycin
Supplementary Figure 2 Additional images of cut outs of recondensed 
male chromatin (~80 min post fusion) derived from 3 Gy irradiated 
sperm. Examples of small γH2AX foci are indicated with an arrow, large 
γH2AX foci are indicated with an asterisk.
Supplementary data Section 3.1
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Abstract
In somatic cells, repair of DNA double strand breaks (DSBs) is ex-
ecuted by non homologous end joining (NHEJ) and homologous 
recombination (HR). Whereas differentiated somatic cells often re-
solve DSBs by NHEJ, embryonic stem cells use HR as the preferred 
method for repair. For the understanding of de novo mutation in-
duction in the germline, mechanistic insight on DNA repair dur-
ing the first mammalian cell cycle, the zygote, is mandatory. This 
stage of development depends on proteins and mRNAs provided 
by the oocyte. Using genetic dissection in oocytes, we show NHEJ 
and HR to be both functional during the zygotic cell cycle. NHEJ 
is already active during replacement of sperm protamines by nu-
cleosomes. The kinetics of G1 repair is influenced by DNA-PKcs 
hypomorphic activity. HR and NHEJ are both operative in S-phase, 
HR being more active in the male pronucleus. DNA-PKcs deficiency 
upregulates HR activity. Both after sperm remodeling and at first 
mitosis, spontaneous levels of γH2AX foci (marker for DSBs) are 
high. Findings are discussed against the background of the high 
frequency and male origin of reciprocal translocations in man.
DNA double strand break repair in parental 
chromatin of mouse zygotes
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Introduction
Both cell functioning and the environment pose threats to the in-
tegrity of the genetic information of the cell. A nucleus can be con-
fronted with a variety of potentially genotoxic damages to which 
an intricate set of DNA repair mechanisms has evolved 1. A DNA 
double strand break (DSB) is the most toxic lesion and is mainly 
repaired by either non homologous end joining (NHEJ) or homolo-
gous recombination (HR) 68, 69.
These pathways are not of equal importance during the cell cycle. 
NHEJ is operational during the whole cell cycle, while HR func-
tions during late S/G2 57 ensuing the typical radioresistance found 
during S-phase 70. DSBs produced by replication stalling are prefer-
ably repaired by HR 57, 68, 71.
Additionally, the cell type and developmental stage influence the 
balance between DSB repair pathways, making HR relatively more 
important in pluripotent embryonic stem cells and embryonic stages 
72. During adulthood the contribution of HR to the repair of ion-
izing radiation (IR) induced DSBs is detected when both NHEJ and 
HR are abrogated 72-74.
Analysis of mutant cell lines is often combined with fluorescence 
microscopy of the DSB marker γH2AX 3, 10, 11, 55, 57 and of factors 
involved in repair and cell cycle regulation. Such proteins show spe-
cific nuclear localization patterns after damage induction 75 as they 
relocalize into ionizing radiation induced foci (IRIF) that are impli-
cated in DSB repair. The IRIF forming molecule Rad51, a protein 
involved in HR, is essential for cellular viability 76, 77. Rad51 IRIF are 
mainly associate with a ssDNA microcompartment 75, 78.
During mammalian spermiogenesis DNA repair comes to a halt 2 
weeks prior to ejaculation at chromatin remodeling during nuclear 
elongation, when nucleosomes are replaced by protamins in a step-
wise manner 25, 27, 28. As a consequence, sperm DNA damage is re-
paired in the zygote after fusion with the oocyte 21, 30, 31.
The zygote has several unique features influencing DNA repair 
such as: i) lack of transcription coupled translation, hereby relying 
on mRNAs and proteins stored in the oocyte 15, 16 ii) Topoisomer-
ase II mediated remodeling of sperm derived chromatin resulting 
in transient DSBs 33, 48, 79 iii) start of the cell cycle after gamete fu-
sion, lacking known checkpoints 80, 81 iv) male and female chromatin 
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is physically separated and epigenetically dissimilar 32, 35. Finally, in 
the genesis of chromosome aberrations (CA), the zygote shows a 
bias for chromosome type over chromatid type abnormalities 30, 31, 82. 
This is illustrated by UV irradiation, solely inducing chromatid type 
abnormalities in somatic cells 83, whereas chromosome and chro-
matid type abnormalities were found in the zygote after treatment 
of sperm 82. Sperm mutagenised by the alkylating agents MMS and 
EMS, result in only chromosome type aberrations, strengthening 
this notion 82. Chromosome type aberrations point towards NHEJ 
as the favored repair pathway, a highly active mechanism in zygotes 
of several model organisms (including mouse) as determined by mi-
croinjected DNA fragments 84-86.
As assisted reproductive techniques (ART) are becoming habitual 
in human reproduction, research on zygotic DNA repair has gained 
a new perspective. Sperm from sub-fertile males has an increased 
likelihood to contain DNA damage and poses an increased risk for 
the induction of de novo CA and maybe other mutations as well 87, 
88.
Here we utilize mouse oocytes defective in either NHEJ or HR for 
the analysis of cell survival, chromosome aberrations, and immuno-
fluorescent signals of γH2AX and Rad51, Brca1 repair proteins to 
determine the balance between the two DSB repair pathways dur-
ing the zygotic cell cycle. Special attention is given to the behavior 
of paternal versus maternal chromatin and to the transmission of 
γH2AX foci to the 2-cell stage. NHEJ and HR are both active and 
cell biological features of the zygote uniquely influence DNA repair, 
determining the fate of damaged sperm DNA in combination with 
suboptimal oocytes, with implications for the genetic outcome of 
ART.
Materials and Methods
Mice
Male CBA/B6 F1 (Charles River) mice served as sperm donors. Oo-
cytes came from the following mouse hybrids and strains: B6/CBA F1 
(Charles River), C.B17 (Taconic), scid (Charles River), B6.129 and mRad54-
/-mRad54B-/-. The latter two were bred from heterozygous founder mice 
kindly provided by Dr R. Kanaar (Department of Cell Biology and Ge-
netics, Erasmus MC, Rotterdam, The Netherlands) 93. Mice were housed 
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with adjusted light hours set at 9.00-21.00.
PCR primers genotyping B6.129 and mRad54-/-mRad54B-/- mice
Primers for mRad54 Wt and KO alleles ; F1-Rad54 (5’-TGGGACAT-
GTAAGATCGTTGG-3’), R1-Rad54 (5’-CAAGTTCCAGGCCATC-
TAGG-3’), 54KO2 (5’-TTTGCTTCCTCTTGCAAACCA-3’). Primers 
for mRad54B Wt and KO alleles; 54B(F1) (5’-TATGATATCGATTG-
GAACCCAGCTA-3’), 54B-n-(R1) (5’-CACAACTGTCATCCCCAGTG-
3’), 54KO2 (5’-TTTGCTTCCTCTTGCAAACCA-3’).
Gamete Collection and IVF
Gametes were obtained for in vitro fertilization as described before 79. 
Zygotes were cultured in IVF medium [HTF, 0.5% (w/v) BSA] covered 
with light mineral oil (Irvine Scientific, #9305). Zygotes were transferred 
to Yamada medium 119 at 5 hours post fusion. For arresting zygotes at first 
cleavage, Vinblastine-sulphate (Sigma, V-1377) was added to Yamada me-
dium at 0.020 µg/ml. Harvest followed at 20 hours post fusion.
Timing of zygote development
We previously determined 32 that the majority of secondary oocytes was 
penetrated around 70 min post insemination (pi). The described stages 
are timed post fusion (pf), hence compensated for this lag phase 79.
Carnoy fixation of chromosome complements and karyotype 
analysis
Chromosome preparations were made from single zygotes by a variant 
of the Tarkowski air-dry technique 120 that minimized breakage of chro-
mosome complements. Centric heterochromatin was differentiated by 
C-banding 121 followed by DAPI staining to distinguish between dicen-
tric chromosomes and acentric fragments. The Y chromosome, the often 
longer male chromosomes and the supposition that sperm irradiation 
only induces CA in male derived chromosomes 30 was used in discrimi-
nating the two chromosome complements.
PFA based fixation of zygotes
Whole mount preparations for immunofluorescence were made as de-
scribe before 79
For paraformaldehyde fixation of sedimented nuclei and chromosome 
complements (“PFA spread”, Figure 4) the zona pellucida was removed 
with pronase [HTF-HEPES (Cambrex, BE02-022 F), 0.5% BSA 1% Pro-
nase (NBS Biologicals, 9036-06-0)] and zygotes were placed on a slide 
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covered by a film of fixative (1% PFA; 0.1 mM DTT; 0.1% Triton-X100, 
pH 9.2 in milliQ) in a humid container for 30 min. Thereafter slides were 
air dried, washed twice in 0.08% Photoflow (Kodak), air dried once more 
and stored at -20°C.
Sperm and zygote DNA damaging treatments
DNA-damaged sperm was generated by whole body irradiation of male 
CBA/B6 F1 mice 1 day prior to sperm isolation for in vitro fertilization. 
Zygote irradiation was performed using a custom made mobile thermo-
stated CO2 incubator. After irradiation, zygotes were returned to a regular 
incubator. External beam radiation was used, 6-MV photons of an Elekta 
linear accelerator (Crawley, UK), with a dose-rate of 0.5 Gy/min in doses 
of up to 3 Gy. The administered dose was verified using TLD (thermo 
luminescent dosimetry) measurements. Timing of zygote irradiation (pf) 
is indicated in the figures.
Mitomycin C (Sigma, M-0503) and 4-Nitroquinoline 1-oxide (4NQO) 
(Sigma, N-8141) were dissolved in culture medium at specified concen-
tration. Zygotes were treated for 1 hour, starting at 3.5 hours pf, washed 
and placed in a new culture dish.
Antibodies
Mouse anti-γH2AX, 1:10,000 (Upstate #05-636, clone JBW301); rabbit 
anti-H3S10ph, 1:1,000 (Upstate #06-570); rabbit anti-H3K9me2, 1:500 
(Dr T. Jenuwein); rabbit anti-H4K20me3, 1:500 (Dr T. Jenuwein); rabbit 
anti-hRAD51, 1:1,200 (Dr R. Kanaar); rabbit anti-Brca1(exon 11), 1:250 
(Dr CX Deng).
Secondary abs were applied as following: Molecular Probes, Oregon, 
USA: A11001 fluor 488 goat anti-mouse IgG (H+L), A11012 fluor 594 
goat anti-rabbit IgG (H+L), both in a 1:500 dilution.
Immunofluorescence (IF) and foci quantification
Immunofluorescent staining was performed as previously described 79 on 
whole mount and pfa spread preparations. At the end of chromatin re-
modeling (80 min pf), as judged by staining with phosphorylated histone 
H3S10 (H3S10ph), γH2AX foci are present in remodeled nucleosomal 
male chromatin in two varieties: small, not DSB related and large DSB 
related. The latter were shown to correlate with sperm IR and treatment 
of early zygotes with DNA damaging compounds 79. The male pronucle-
us (PN) (210 and 285 min pf), is distinguished from the female PN by 
DAPI morphology and female PN specific histone H3 lysine 9 dimethyl-
ation (H3K9me2) 79. Pericentric heterochromatin stained for histone H4 
lysine 20 trimethylation (H4K20me3) specifically labels female chromo-
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somes 38. Quantification of foci was performed on coded samples by one 
observer.
Collection of images
Images were collected with a Zeiss axioplan fluorescence microscope. 
Pictures were captured by a Zeiss AxioCam MR camera with Axiovi-
sion 3.1 software (Carl Zeiss). All images shown are either a single plane 
derived from stacks with z-axis intervals of 0.4 µm or deconvoluted pro-
jections created with Metamorph software version 6, using the nearest 
neighbor mode. Photoshop (Adobe) was used for correcting background 
when necessary.
Statistics
Statistical analysis was performed using Prism (Graphpad) and R 2.3.1 
(The R foundation for statistical computing, http://www.r-project.org/) 
software. Details are indicated in the figure legends.
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Results
A maternal effect on misrepair and non-repair of sperm DSBs 
at the first cleavage division
Historically, the outcome of DSB DNA repair is measured by chro-
mosome analysis. Zygotic DSB repair can therefore be analyzed at 
the first mitotic cleavage division. To address the relative contribu-
tions of the NHEJ and HR pathways in the repair of sperm DSBs, 
genetic dissection was applied by use of scid and mRad54-/-mRad54B-
/- (henceforth mRad54/54B-/-) oocytes. C.B17 has a similar genetic 
background as scid and serves as the appropriate control for the 
scid DNA-PKcs hypomorphic phenotype 
89. The role of HR was ad-
dressed by comparison of the HR deficient double mutant mRad54/
54B-/- with its respective control B6.129. Both mouse stocks were 
bred from the same founder population.
According to expectation 31, 3 Gy irradiation of cauda epididymal 
sperm readily induced chromosome-type and a small minority of 
chromatid-type CA in the paternal chromosome complement at 
first mitotic division (Sup Figure 1). Zygotes of NHEJ proficient 
strains show similar radiosensitivities (Table I). Scid zygotes are 
more frequently affected by a paternal CA (factor 2 – 2.4). The CA 
frequency is up by a factor 3.5 relative to C.B17. Maternal deficiency 
for Rad54/54B had little effect on the outcome of repair of sperm 
DSBs. However, a significant shift towards chromatid type abnor-
malities was found when compared to scid derived zygotes (Ratio 
0.11 Vs 0.45, Table I). These data demonstrate a role for ooplasmic 
DNA-PKcs, hence the NHEJ pathway, in the repair of sperm de-
rived DSBs.
The number of γH2AX positive chromatin domains at sperm 
chromatin remodeling is affected by the oocyte 
After sperm entry in the oocyte, paternal chromatin starts its transit 
to a nucleosome based state and forms a pronucleus (PN) that en-
ters zygotic S-phase 5-6 hours post fusion (pf) (Figure 1A). DSBs, 
marked by γH2AX, are frequently found in remodeled paternal 
chromatin and are more numerous after sperm irradiation 79. To 
determine the influences of genetic background and NHEJ on the 
manifestation of DSBs at chromatin remodeling, cauda epididymal 
sperm from one genetic background (CBA/B6 F1) was used to fer-
tilize oocytes form 4 different mouse strains. In all strains analyzed, 
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    

  
  
    
    

    
    

    

Table I Chromosome abnormalities at first mitotic cleavage in the 
male chromosome complement after 3 Gy sperm irradiation
Number of zygotes and aberrations between parentheses.
Statistical analysis Chi square
a  p<0.01 with all other strains
b  p<0.01 with scid ratio
γH2AX foci were found in remodeled paternal chromatin, ~80 min 
pf (Figure 1B/C and Table II). Maternal chromatin showed no DSB 
related γH2AX foci, as has been reported previously 79. The average 
number of γH2AX foci found in remodeled paternal chromatin from 
control sperm ranged from 0.9 – 3.8 depending on oocyte genotype 
(Figure 1D and Table II). Oocytes from repair proficient strains 
(B6/CBA and B6.129) showed similar numbers of γH2AX foci in 
remodeled paternal chromatin. C.B17 contains a hypomorphic allele 
for the NHEJ key enzyme DNA-PKcs not found in most commonly 
used mouse strains (i.e. C57BL/6, DBA) 90. Functionally, this DNA-
PKcs variant acts as a wild-type allele, in contrast to the severely 
compromised scid DNA-PKcs allele 
89. Both C.B17 and scid, showed 
an elevated number of DSB related γH2AX foci at sperm chromatin 
remodeling (Figure 1D and Table II).
Irradiation of cauda epididymal sperm introduces DSBs that are de-
tected by the oocyte 79. In oocytes from all 4 genotypes a significant 
increase of γH2AX foci in remodeled paternal chromatin was ob-
served (3 Gy, Figure 1D and Table II). The level of induced foci was 
highest in scid oocytes with C.B17 reaching an intermediate number 
(Fig 1D and Table II)
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Processing of γH2AX foci during zygotic G1 shows two class-
es of DSB repair kinetics
In a somatic G1 nucleus repair of DSBs induced by irradiation 
or chemical treatment can be followed by measuring the number 
of γH2AX foci at different intervals after DSB induction 10, 11, 55, 
57. Chromatin in a somatic G1 nucleus is rather static compared to 
the highly dynamic chromatin of pre-S phase zygotes. Both paren-
tal chromatin sets mature into a PN capable of entering S-phase. 
In the B6/CBA hybrid background, processing of γH2AX foci in 
paternal chromatin derived from (non-)irradiated sperm showed 
γH2AX kinetics comparable to a somatic G1 nucleus 79. To address 
Figure 1 Number of DNA dou-
ble strand breaks arising dur-
ing sperm chromatin remodel-
ing is influenced by ooplasm 
(A) Schematic overview zygotic 
cell cycle. S- and M-phase are in-
dicated (light gray area indicates 
variation in inter zygotic S-phase 
timing). Lightning symbol stands 
for ionizing radiation (IR) used to 
introduce DSBs in cauda epididy-
mal sperm. (B) γH2AX foci (in 
fully remodeled sperm chromatin 
(H3S10ph) 80 min pf of CBA/B6 
control sperm with scid oocyte. (C) 
γH2AX foci 80 min pf of CBA/B6 
control sperm with B6.129 oocyte. 
(D) Quantitative data on γH2AX 
foci in sperm chromatin 80 min 
pf. Oocytes from the indicated 
genetic background were fused 
with either control or 3 Gy irra-
diated CBA/B6 sperm. Triangles 
represents the amount of γH2AX 
foci in remodeled male chromatin 
from a single zygote. Horizontal bar indicates mean. Details are listed in 
Table I. Scale bar: 10 µm. B6/CBA data was taken from 79.
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 
    


     
     
     
     
Table II DSBs measured by γH2AX in remodeled male chromatin 
80 min pf of various oocyte genotypes
B6/CBA data was taken from 79.
S.E.= standard error. Number of zygotes between parentheses.
Statistical analysis by Kruskal-Wallis and Dunn’s post-test (KWD)
a) p<0.01 with respective non-treated control
b) p<0.01 with non-treated scid
c) p<0.01 with non-treated C.B17
Statistical analysis by ANOVA
d) p<0.01 with 3 Gy IR treated B6/CBA
e) p<0.01 with 3 Gy IR treated B6.129 and C.B17
Only p<0.01 is indicated.
whether differences in CA frequency at first mitotic cleavage (Table 
I) could be explained by altered G1 repair kinetics, γH2AX foci in 
early (~210 min pf) and late (~285 min pf) G1 PN were determined. 
B6/CBA oocytes fertilized with non-irradiated sperm showed a low 
incidence of DSB related γH2AX foci throughout G1 (male PN, 
Figure 2C and Table III). The increased frequency of γH2AX foci 
in remodeled paternal chromatin after fusion with C.B17 and scid 
oocytes persisted into the early G1 male PN stages (Figure 2A/C 
and Table III). In addition, at late G1, a significant increase in the 
number of γH2AX foci was observed in scid zygotes (Figure 2C and 
Table III). After fusion with 3 Gy irradiated sperm, both B6/CBA 
and B6.129 showed a reduction in γH2AX foci during G1 (Figure 
2B/D and Table III). Although the reduction in number of γH2AX 
foci is initially faster in the B6/CBA oocytes, both B6/CBA and 
B6.129 had similar levels of γH2AX foci in late G1 (Figure 2D and 
Table III). The DNA-PKcs hypomorphic C.B17 and NHEJ deficient 
scid oocytes showed a reduction in early G1 followed by a signifi-
cant rise at late G1 (Figure 2D and Table III).
Thus, we were able to distinguish two types of zygotes. One type 
(B6/CBA and B6.129) was able to reduce γH2AX foci in number 
by late G1 (~285 min pf). The other type (C.B17 and scid), initially 
reduced numbers but showed an increase to an equal or higher level 
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Figure 2 Dynamics of γH2AX foci during zygotic G1 (A) γH2AX 
foci persist in male chromatin of zygotes derived from scid oocytes at 285 
min pf. Male and female PN can be distinguished by DAPI morphology 
and H3K9me2. Male PN depicted on the left side. (B) DNA-PKcs profi-
cient B6.129 zygotes have only few γH2AX foci left at 285 min pf in male 
PN derived from 3 Gy irradiated sperm. DNA-PKcs deficient scid zygotes 
have an increased amount of residual γH2AX foci in male PN at 285 min 
pf. *= second polar body (C) Amount of γH2AX foci in male chroma-
tin at 80, 210 and 285 min pf in zygotes derived from control CBA/B6 
sperm fused to indicated oocyte strain. (D) Same γH2AX kinetics plot 
for 3 Gy irradiated CBA/B6 sperm. Triangles represents the amount of 
γH2AX foci in male chromatin from a single zygote. Horizontal bar in-
dicates mean. Details are listed in Table III. Scale bar: 10 µm. 80 and 210 
min pf B6/CBA data was taken from 79.
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when S-phase approached.
The homologous recombination mediating protein Rad51 lo-
calizes to male and female chromatin during zygotic S-phase
To determine HR activity during the zygotic cell cycle, localiza-
tion of one of the key HR proteins, Rad51, was analyzed in control 
zygotes. In late G1, ample cytoplasmic but little pronuclear Rad51 
staining was found (Figure 3A). The male PN starts S-phase prior 
to the female PN 91. After the onset of S-phase, bright focal γH2AX 
staining was visible, coinciding with transfer of Rad51 to the male 
PN (Figure 3B). When S-phase had progressed, a punctate Rad51 
signal was found in both PNs (Figure 3C). The female PN exits S-
phase first, showing diminished γH2AX staining. No difference in 
overall Rad51 staining was found at this stage (Figure 3D). Upon 
chromosome condensation Rad51 starts to leave the PNs (Figure 
3E) and at M-phase was no longer visible, whereas mitotic chromo-
somes displayed an overall non-focal γH2AX staining (Figure 3F). 
Zygotes treated with 2 Gy IR during S-phase (8.3 hours pf) were 
analyzed 1.5 hours post treatment, to investigate whether a func-
tional HR response is present in zygotes. Both Rad51 and Brca1 
IRIF were found and showed colocalization with a subset of γH2AX 
 
           
        
        
       

 
       

 
Table III γH2AX foci in paternal pronuclei at G1
B6/CBA 210 min pf data was taken from 79
Number of zygotes between parenthesis
Statistical analysis by ANOVA
a) p<0.01 with 210 min pf scid and control sperm
b) p<0.01 with 80 min pf (Table 1)
c) p<0.05 with 210 min pf
d) p<0.05 with 210 min pf
e) p<0.001 with B6/CBA and B6.129 at 285 min pf
f) p<0.001 with respective control sperm at 285 min pf
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foci, indicative for an active HR 
response (Sup Figure 2 A/B).
Pronuclear stalling and re-
sidual γH2AX foci at first mi-
totic cleavage as tools to follow 
DNA repair 
Zygotes from B6.126, mRad54/
54B-/-, C.B17 and scid oocytes 
were treated with either 4NQO 
or IR and allowed to progress 
to first mitotic cleavage that was 
inhibited by Vinblastine (Figure 
4A). At 20 hrs pf, PFA spreads, 
that are suitable for subsequent 
immunofluorescent staining were 
made. In these preparations, CA 
often are unambiguously present 
(Figure 4D/G/I/J/K) but are not 
safely quantified (in contrast to 
acetic acid/methanol spread mi-
totic chromosomes, Sup Figure 
1). Staining of γH2AX depicted a 
fine punctate chromosome-wide 
signal on both parental chro-
mosomes as has been reported 
earlier 51. Costaining the histone 
modification H4K20me3 that 
at this stage is a female hetero-
chromatin marker 38, that allows 
unambiguous distinction be-
tween male and female derived 
chromosomes (Figure 4B/C). In 
these preparations, DSB related 
DNA processing was visible by 
γH2AX foci (Figure 4 /D/F/
G/H). Zygotes that were delayed 
or blocked in their development 
showed PNs with high amounts 
Figure 3 Cell cycle dynamics 
of γH2AX and the HR protein 
Rad51 Male PN depicted on the 
left side. Zygotes are derived from 
control CBA/B6 sperm fertilizing 
B6/CBA oocytes. (A) 3.5 hours pf. 
*= non-fertilizing sperm nucleus. 
(B) 4.8 hours pf. (C) 7.8 hours pf. 
(D) 10.8 hours pf. (E) 13.8 hours pf. 
(F) 15.8 hours pf. Scale bar: 10 µm.
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of γH2AX, Rad51 and Brca1 foci (Figure 4E and data not shown). 
At mitosis, bright γH2AX foci usually were positioned in a single 
chromatid (Figure 4 D/F). Occasionally, these chromatid foci were 
found adjacent to a chromatid gap (Figure 4G). At a much lower 
frequency, isochromatid γH2AX foci that are at seemingly homolo-
gous locations on single chromosomes, depict chromosome-type le-
sions (Figure 4H). Usually the chromosome abnormalities found in 
these preparations were not associated with γH2AX foci (Figure 4 
D/G/I/J/K).
Figure 5 gives the mitotic γH2AX foci data, including the effect 
of sperm irradiation as an extra comparison. Mitotic index data are 
presented as well. Statistical differences are given in Table IV. The 
background frequency of γH2AX foci at first mitotic cleavage was 
higher in B6.129 and mRad54/54B-/- zygotes compared to C.B17 and 
scid zygotes.
C.B17 and scid zygotes derived from 3 Gy irradiated sperm showed 
a reduction in mitotic index (Figure 5A and Table IV). Mitotic chro-
mosomes of male descent were characterized by an increased fre-
quency of chromatid type γH2AX foci, especially for C.B17 (Figure 
5B). B6.129 and mRad54/54B-/- oocytes fertilized with 3 Gy irra-
diated sperm neither showed a reduction in mitotic index, nor an 
effect on the frequency of persisting γH2AX foci (Table IV and 
Figure 5B).
Figure 4 S-phase DNA damage results in residual γH2AX and 
stalled PN at first mitotic cleavage (A) Schematic overview zygotic 
cell cycle with two types of DNA insult: 1 hour 4NQO (or mitomycin 
C) prior to S-phase and IR during S-phase. “PFA spread” indicates har-
vest technique (see M and M). (B-K) Zygotes were derived from control 
CBA/B6 sperm. Oocyte genotypes and treatments are indicated. (B-
E) Paternal chromosomes/PN depicted on left side. Maternal pericen-
tric heterochromatin is positive for H4K20me3. Single arrows indicate 
γH2AX foci, double arrows indicate a CA. (B-C) Examples of spreads 
showing no residual γH2AX foci. (D) Example of spread with residual 
γH2AX foci. (E) Stalled PN stained for γH2AX and Rad51. (F) Chro-
matid type γH2AX focus without CA. (G) Chromatid type γH2AX fo-
cus with chromatid gap. (H) Chromosome type γH2AX focus. (I-K) 
CA’s were mainly devoid of γH2AX staining, (I) fragment, (J) dicentric, 
(K) chromatid quadriradial. Scale bars: 10 µm.
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Figure 5 Maternal effects on zygotic DNA repair initiated by pre-S-
phase and S-phase DNA damage (A) Survival curves expressing the 
percentage of zygotes at first mitotic cleavage after IR during S-phase. 
+ and * indicate mitotic index of zygotes derived from 3 Gy IR treated 
sperm fused with C.B17 and scid oocytes respectively. (B) Plots of the 
frequencies of chromosome and chromatid type γH2AX foci at first mi-
totic cleavage in male and female derived chromosomes after IR of sperm 
(3 Gy) or S-phase (1 Gy), oocyte genotype indicated. (C) Similar curves 
for 4NQO. (D) Similar to B for 4NQO. Standard error is plotted. Details 
are listed in Table IV and Sup Table I.
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After 1 Gy irradiation of zygotes during mid-S phase (~8.3 hours 
pf, Figure 4A) a significant reduction in mitotic index was found for 
mRad54/54B-/- zygotes compared to B6.129. No significant reduction 
was found for either C.B17 or scid zygotes (Figure 5A, Table IV). A 
dose of 2 Gy reduced the mitotic index of C.B17, scid and mRad54/
54B-/- zygotes alike. (Figure 5A, Table IV). In B6.129 zygotes this 
effect was not found. Persisting focal DNA damage at first mitotic 
cleavage was analyzed for 1 Gy irradiated zygotes as a high mitotic 
index reduces the possibility of selection for non-damaged cells. Af-
ter 1 Gy, both C.B17 and B6.129 zygotes showed no effect (Figure 
5B). For scid zygotes, a minor effect was observed, mainly for chro-
matid type foci in male derived chromosomes. The HR deficient 
mRad54/54B-/- zygotes showed a distinct increase in frequency of 
both chromosome and chromatid type γH2AX foci, especially in 
paternal but also in maternal chromosomes (Figure 5B).
    
    

    

    
    

    
    
    
    
    
µ
    
Table IV Mitotic indexes of zygotes after sperm/S-phase irradia-
tion and 4NQO pre-S-phase treatment
Number of zygotes between parentheses.
Statistical analysis Chi square
a) p<0.01 with B6.219 and mRad54/54B-/-
b) p<0.01 with B6.129
c) p<0.01 with all other strains
d) p<0.01 with scid
e) p<0.05 with C.B17
f ) C.B17 and scid at 220 nM 4NQO, p=0.078
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HR deficient zygotes are highly sensitive to 4-nitroquinoline 
1-oxide (4NQO)
To further determine the importance of HR for zygote develop-
ment, two genotoxic compounds were used. The first one, mitomy-
cin C (MMC) 92, introduces interstrand cross-links that are mainly 
repaired by HR 93 (Figure 4A). At a dose that induced 55 – 65 % cell 
death in ES cells of this genotype 93, MMC treated mRad54/54B-/- 
zygotes did not show any sensitivity as measured by mitotic index at 
first cleavage division (Table IV).
Topoisomerase I mediates DNA replication by reducing torsion 
of the double helix. Topoisomerase I linked single strand DNA 
breaks are short lived catalytic intermediates commonly referred to 
as TopoI cleavage complexes (TopIcc). DNA damage, like ssDNA 
breaks, base adducts and UV photoproducts, can stabilize TopIcc 
and generate DSBs at replication forks (94 and references herein). 
HR plays an important role in repair of replication fork associated 
DSBs 71. DNA damage generated by 4NQO partially mimics UV 
induced damage and both agents stabilize TopIcc 95, 96.
B6.129 derived zygotes are capable of coping with 4NQO type dam-
age only showing a reduced mitotic index in the higher nM range 
(440-880 nM) (Figure 5C and Table IV). At these concentrations a 
distinct induction of chromatid type (440 and 880 nM) and chro-
mosome type (880 nM) γH2AX foci was observed in paternally and 
maternally derived chromosomes (Figure 5D). At dose levels of 27.5 
and 220 nM, mRad54/54B-/-, C.B17 and scid derived zygotes showed 
a reduction in mitotic index. HR deficient zygotes were most se-
verely affected with hardly any zygotes progressing to first mitot-
ic division (Figure 5C and Table IV). Both dose levels produced 
the same trend in sensitivity as determined by mitotic index at first 
cleavage: mRad54/54B-/- > C.B17 > scid > B6.129. (confirmed by 
trend in proportions test) (Figure 5C and Table IV). 4NQO is able 
to induce chromosome- and chromatid-type γH2AX foci at first 
mitotic cleavage as found in B6.129 cells after high nM treatment 
(Figure 5D). At 27.5 nM a small effect on the frequency of foci at 
first mitotic division was found for C.B17 and mRad54/54B-/-, the 
latter showing a greater induction of especially chromosome type 
foci (Figure 5D).
237
Persistence of Rad51 foci after irradiation at the onset of S-
phase
In the previous sections, we observed zygotic S-phase to play an 
important role in the repair of newly formed DNA damage in the 
zygote. Effects for both NHEJ and HR were found.
To address the balance between NHEJ and HR, zygotes derived 
from oocytes of both repair deficient genotypes and their controls 
were irradiated with 2 Gy at early S-phase (~5.8 hours pf) and Rad51 
foci were counted at the end of S-phase (t1: ~10.3-10.8, t2: 11.3-11.8 
hours pf) (Figure 6A). C.B17, scid and B6.129 showed no statistical 
difference in Rad51 foci between time points and data were pooled. 
When comparing residual Rad51 foci in C.B17 (Figure 6B) with scid 
(Figure 6C) a significant increase was found for both paternal and 
maternal PN of the latter (Figure 7 and Table V). B6.129 zygotes 
Figure 6 Irradiation of zygotes at the onset of S-phase results in 
residual Rad51 foci at late S (A) Schematic overview zygotic cell cycle 
with 2 Gy irradiation and t1 and t2 fixation times. (B-F) Rad51 foci level 
in zygotes derived from indicated genotype showing effect of HR and 
time of harvest. Male PN on left side. Scale bar: 10 µm.
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showed a lower level of Rad51 foci and no difference between male 
and female PN (Figure 6D, Figure 7, Figure 8 and Table V). Zygotes 
derived from mRad54/54B-/- oocytes showed a clear difference be-
tween the two time points. At t1, the male PN contained a very high 
number of Rad51 foci (Figure 6E, Figure 7 and Table V) but also in 
the female PN, the amount of Rad51 foci was elevated. One hour 
later, in the female PN, Rad51 levels had returned to the control 
value. In the male PN, Rad51 levels remained elevated (Figure 6F, 
Figure 7 and Table V).
The ratio of Rad51 foci between male en female PN gives an indica-
tion of the difference in repair capacity of both pronuclei. Because 
the average M/F ratio was above 1 in all strains (Figure 8 and Table 
VI) we determined the number of zygotes with an amount of Rad51 
Figure 7 Residual Rad51 foci after 2 Gy irradiation at the onset of 
S-phase Triangles represent the number of Rad51 foci in a single PN 
from male or female origin. Horizontal bar indicates mean. Details listed 
in Table V.
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foci in the male PN equal or higher than in the female one (Table 
VI). The repair proficient B6.129 derived zygotes showed an equal 
distribution of residual Rad51 foci between male and female PN 
(Table VI). C.B17 had a slight increase in the number of zygotes 
with a higher residual number of male Rad51 foci (Table VI). This 
effect increased in the order scid, mRad54/54B-/-. The analysis shows 
that a repair deficient ooplasm more severely affects the male PN 
then the female PN.
  
      
  

 

 
 

 

 

 
 

 

 

 



 

 

 



 

 

 
Table V Residual Rad51 foci 5 – 6 hr after 2 Gy IR at onset of S-
phase
Statistical analysis by ANOVA
a) p<0.001) with C.B17
b) p<0.05) with C.B17
c) p<0.01) with C.B17 and scid
d) p<0.001) with scid
Statistical analysis by KWD
e) p<0.001 with B6.129
f ) High number of foci, prevented accurate counting. Cut-off at 35 foci was chosen and used 
for statistics.
g) p<0.05 with B6.129
h) p<0.05 with B6.129
i) p<0.05) with B6.129
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Figure 8 Ratio between male 
and female residual Rad51 foci 
after 2 Gy irradiation at the on-
set of S-phase Triangles represent 
the ratio between male and female 
Rad51 foci in a single zygote. Hori-
zontal bar indicates mean. Details 
listed in Table VI.
  






     
     
     

 
    
Table VI Male-Female ratio analysis of residual Rad51 foci 5 – 6 hr 
after 2 Gy IR at onset of S-phase
Number of zygotes indicated between parentheses.
a) Only t2 was used for ratio analysis due to the uncountable number of Rad51 foci in male 
PN at t1.
b) p<0.05 with scid and p<0.001 B6.129 by KWD
c) p=0.056 with B6.129 by Chi square
d) p<0.01 with B6.129 by Chi square
e) Deviant from 1:1 ratio p=0.066 by Chi square
f ) Deviant from 1:1 ratio p<0.05 by Chi square
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Discussion 
Sperm derived DSBs are mainly restored by NHEJ
The analysis of zygote chromosomes derived from 3 Gy irradiated 
sperm shows an increase in chromosome type aberrations after fer-
tilization of scid oocytes. The scid maternal effect was found both 
at the level of the affected percentage of zygotes (2.4 fold) and the 
frequency of aberrations (3.5 fold) (Table I). The NHEJ proficient 
strains, C.B17, B6.129 and mRad54/54B-/- showed similar rates of 
chromosome type abnormalities. Therefore, DNA-PKcs stored in 
the oocyte plays an important role in the repair of sperm DSBs after 
the onset of fertilization. When comparing γH2AX foci in remod-
eled male chromatin with those in the early male PN, zygotes with 
a maternal wildtype DNA.PKcs allele showed a relative reduction of 
0.5-0.8. Both C.B17 and scid derived zygotes showed impaired ki-
netics, with a reduction of 0.3-0.4. The G1 foci kinetics in wildtype 
and DNA-PKcs deficient zygotes resembles that of somatic G1 cell 
counterparts 10, 11, 55, 57 (see Sup Table II). C.B17 is exceptional in that 
it is different from scid in somatic cells 89 but not so much in zygotes. 
C.B17 contains a hypomorphic variant of the DNA-PKcs gene, Prkdc 90. This hypomorphic allele does not severely affect DSB repair 89, 97. 
Therefore the similarity in γH2AX foci kinetics suggests that repair 
during chromatin remodeling and early PN development is sensitive 
for variation in DNA-PKcs activity. However, the hypomorphic al-
lele has no long term effect on genetic stability as shown by chromo-
some analysis of C.B17 derived zygotes (Table I). Zygotes derived 
from either C.B17 or scid oocytes fused with 3 Gy irradiated sperm 
show a reduction in mitotic index (Figure 5A and Table IV) and an 
increase in residual γH2AX foci at first mitotic cleavage (Figure 5B 
and Sup Table I). The kinetics of γH2AX foci in zygotic G1 com-
bined with mitotic index reduction and residual γH2AX foci at first 
mitotic cleavage suggest that DNA-PKcs mediated repair of sperm 
derived DNA damage continues during S-phase.
The ooplasm effects the fidelity of sperm chromatin remodel-
ing and interacts with sperm DNA damage
A dose response relation between IR treatment of cauda epididymal 
sperm and γH2AX foci at chromatin remodeling post gamete fu-
sion has been described before 79. Here we show that the source of 
the ooplasm influences the level of γH2AX foci found after chro-
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matin remodeling (Table II). IR treatment 55 and fertilization 98 are 
stochastic events. 3 Gy IR treatment of sperm from different males 
of the same CBA/B6 hybrid would therefore theoretically result 
in a comparable increase in the number of γH2AX foci found at 
sperm chromatin remodeling in repeated fertilization experiments. 
In scid oocytes the difference between control and induced num-
bers of γH2AX foci is high compared to the other strains (Table II). 
This suggests that in the absence of DNA-PKcs, IR induced DNA 
damage in sperm interferes with chromatin remodeling. A role for 
DNA-PKcs in safeguarding DNA integrity during the topological 
changes necessary to facilitate the protamine to histone transition 
is implied. Conclusively, there is a maternal effect on the level of 
DSBs as measured by γH2AX focus formation at the end of male 
chromatin remodeling.
Spontaneous DSBs during G1 PN development
Radiosensitivity of zygotes increases to the pronuclear stage with 
highest sensitivity in G1 PN. 99, 100. For instance, BALB/c zygotes 
irradiated at this stage have peak sensitivity for first cleavage fail-
ure 99. We observed an increase in male γH2AX foci at the G1 – S 
transition in zygotes from scid oocytes and non-irradiated sperm 
(Figure 2C and Table III). Repair proficient zygotes derived from 3 
Gy irradiated sperm show a reduction in γH2AX foci from 80 min 
pf to early G1 with comparable kinetics to IR treated G1 somatic 
cells [10, 11, 55, 57 and Sup Table II]. However, in C.B17 and scid zy-
gotes at late G1 a rise was observed (Figure 2D and Table III). This 
would argue for the intrinsic formation of DSBs during maturation 
of the male PN. This propensity of the male PN during late G1 to 
form DSBs might be related to the radiosensitivity described for 
this stage of development. The male PN undergoes active DNA 
demethylation prior to DNA replication, resulting in asymmetrical 
5-MeC staining in late G1 zygotes 101. In Xenopus oocytes, active 
DNA demethylation is catalyzed by the Nucleotide Excision Repair 
(NER) endonuclease XPG in conjunction with Gadd45a 102. The 
NER pathway is present in mouse oocytes 20 and induces a non-fo-
cal diffuse γH2AX signaling 103. This opens the possibility that the 
induction of γH2AX foci during G1 is related to DNA demethyl-
ation involving single strand DNA breaks and mainly manifests in 
a DNA-PKcs hypomorphic background. Unfortunately, the S-phase 
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related γH2AX signal conceals the fate of residual G1 γH2AX foci 
(Figure 3B/C) in validating the previously suggested use of γH2AX 
for repair measurements during S-phase of somatic nuclei 57. Sys-
tematic DSBs from sperm origin can be tolerated by the male PN 
until the collapse of chromatin at the onset of replication 104.
S-phase coincides with pronuclear γH2AX and Rad51 stain-
ing
The first cell cycle of life like somatic cell cycles shows an S-phase 
specific γH2AX and Rad51 pattern but with a temporal difference 
between male and female chromatin 105-107. The onset of S-phase 
is earlier in the male PN 91 and coincides with γH2AX and Rad51 
staining (Figure 3B). During the progression of S-phase, bright 
γH2AX and Rad51 foci become conspicuous (Figure 3C). The end 
of S-phase is reached first in the female pronucleus 91, which was 
reflected by disappearance of γH2AX signals.
Unrepaired DNA damage likely persists to next stages of pre-
implantation development
IR induced DSBs in condensed chromosomes are marked by γH2AX 
in unfertilized oocytes and somatic cells 79, 108. Such γH2AX foci 
have been found on chromosomal fragments and in intact meta-
phase chromosomes 108. In addition, γH2AX foci have been ob-
served on metaphase chromosomes at fragile sites after replication 
stress 109. Here we found mitotic γH2AX foci, that were in majority 
of the chromatid type on usually intact chromosomes. This indicates 
the processing of replication mediated DSBs at this stage. Somatic 
cells irradiated in S/G2 have been shown to progress through mito-
sis, with γH2AX foci located at ends of chromosome fragments 57. 
Hence, in the zygote, these foci will likely persist to the 2-cell stage, 
with chances for de novo mutation.
NHEJ and HR function in response to DSBs after IR and re-
plication stalling
Radioresistance during S-phase is attributed to HR repair 70 and, 
like somatic cells, zygotes show a decrease in radiosensitivity during 
S-phase 99, 100. The radioresistant nature of zygotes during S-phase 
was clearly demonstrated in B6.129, showing no reduction in mitotic 
index after 2 Gy (Figure 5A and Table IV). At this stage, both Rad51 
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and Brca1 show clear IRIF that partially colocalize with γH2AX, 
indicative for active repair of DSBs by HR after IR treatment during 
S-phase (Sup Figure 2). Further evidence for a functional role of HR 
in S-phase radioresistance is provided by a reduced mitotic index 
of mRad54/54B-/- zygotes after 1 and 2 Gy IR (Figure 5A and Table 
IV). Analysis of Rad51 foci at the end of S-phase, induced by 2 Gy 
IR at its onset, confirmed that both NHEJ and HR play a role in 
DSB repair as the number of Rad51 foci is influenced by deficiencies 
in both repair pathways (Figure 7 and Table V). When we attribute 
the stronger increase in Rad51 foci for scid relative to C.B17 to a 
greater activity of HR (that supposedly is better induced with lower 
NHEJ performance), the reported compensating interplay between 
NHEJ and HR 57, 110, 111 also exist in zygotes. The contribution of 
NHEJ after IR in mid-S-phase maybe lower, as a clear reduction of 
mitotic index was not found at 1 Gy IR (Figure 5A and Table IV). 
An increase in the frequency of γH2AX foci at first mitotic cleav-
age is especially clear in irradiated mRad54/54B-/- zygotes (Figure 
5B). The lack of sensitivity of mRad54/54B-/- zygotes for mitomycin 
C (Table IV) was unexpected and needs further investigation. Con-
clusively, both NHEJ and HR protect the zygotic genome of IR 
damage at S-phase and strengthen the results found by injection of 
DNA substrates that have underscored the importance of HR for 
the zygote 86.
DNA damage generated by 4NQO partially mimics UV induced 
damage and results in chromatid type CA 83. DSBs at replication 
forks are produced 94, 96. Cells defective for RecQ helicases (like Wer-
ner and Bloom syndrome proteins), enzymes facilitating replisome 
progression and re-initiation of replication after replication-fork de-
mise 112, are sensitive for 4NQO 113-115. This sensitivity manifests in 
reduced survival after prolonged exposure to 260-300 nM 114, 115 or 
1 hour at 525 nM 4NQO 113. Here we find that DSB repair com-
promised zygotes are very sensitive to 4NQO (Figure 5C/D and 
Table IV). The repair proficient B6.129 zygote showed a reduced 
mitotic index at 440 nM 4NQO followed by the presence of re-
sidual γH2AX foci at mitotic cleavage (Figure 5C/D and Table IV). 
HR deficient zygotes were unable to cope with 4NQO dose levels 
above 27.5 nM, indicative for the crucial role of HR in the repair of 
these lesions (Figure 5A and Table IV). Quadriradials are typical for 
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RecQ defective cells 116. HR deficient zygotes already displayed this 
CA at a dose of 2.75 nM (approximately 20% of the male chromo-
some complements affected, data not shown). Up to 5 quadriradials 
could be observed per male haploid set. By segregation at mitosis, 
these quadriradials can resolve as a reciprocal translocations in one 
daughter blastomere. In contrast to B6.129 zygotes, both DNA.
PKcs hypomorphic C.B17 and NHEJ deficient scid are sensitive to 
4NQO, C.B17 more than scid (Figure 5C/D and Table IV). Thus, 
better survival for scid compared to C.B17 (Figure 5C) suggests im-
proved induction of HR, as was already found after irradiation (Fig-
ure 7 and Table V). Possibly, a combination of partial impairment of 
NHEJ and insufficient compensatory HR activity in C.B17 governs 
the enhanced sensitivity for 4NQO compared to scid. Indications 
for an interplay between NHEJ and HR in the zygote translating 
into the probability of expanded simple tandem repeat mutations 
later in life were found by us before 117.
Conclusively, the data show that zygotic S-phase is extremely sensi-
tive for replication fork demise and highly relies on HR to resolve 
such damage.
Male and female DNA damage related differences and S-phase 
in the genesis of de novo chromosome translocations
A number of observations made in this study point at a difference 
between male and female chromosome complements in attracting 
DNA damage at the onset of life:
a) Extending on our earlier observations 79, we compared γH2AX 
foci at male chromatin remodeling with the number of residual 
breaks (calculated from fragments (1 break) and dicentrics (2 breaks)) 
at first cleavage division (Figure 9). A very tight association was ob-
served.
b) Whether derived from non-irradiated or 3 Gy irradiated sperm, 
γH2AX foci during G1 were only found in the male PN. Residual 
γH2AX foci at first mitotic cleavage originating from S-phase ir-
radiation and pre-S-phase 4NQO treatment were also more often 
found in paternal chromosomes (Figure 5B/D).
c) In repair deficient zygotes, radiation induced residual Rad51 foci 
at late S-phase were generally higher in the male PN (Figure 8 and 
Table VI). A skewed M/F ratio can be explained by the existence 
of a subset of oocytes that has difficulties in handling male DNA 
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damage at this stage of the cell cycle.
d) Quadriradial induction at an ultra-low 4NQO dose in male pro-
nuclei of HR compromised zygotes indicates that reciprocal translo-
cations can efficiently be induced by replication stalling, shedding a 
different light on the translocation induction found in certain forms 
of ART 87. At first cleavage, chromatid exchanges potentially segre-
gate into a reciprocal translocation in one of two blastomeres. An 4-
10 times increase (depending on the assumed spontaneous de novo 
rate of appearance) of reciprocal translocation carriers was observed 
when a large cohort of ICSI pregnancies was followed by amniocen-
tesis 87. Support for their emergence at S-phase is provided by the 
variance in length of the first cell cycle, with longer cycles related to 
Figure 9 Comparison of γH2AX foci with number of breaks at mi-
tosis Number of breaks were calculated from fragments (one break) and 
dicentrics (two breaks). (A) γH2AX foci in recondensing male chromatin 
(zygote) and G1 somatic nuclei (generally accepted induction 1Gy = 32 
foci) were plotted against No of breaks at first cleavage division (zygote) 
or mitosis (mouse lymphocytes). Mouse lymphocyte data taken from 122. 
Linear regression was performed on both data sets. Regression coeffi-
cients suggest that a γH2AX focus in recondensing male chromatin is 
approximately two times more likely to result in a lasting chromosome 
type abnormality compared to mouse lymphocytes (B) Blowup of zy-
gotic dataset. (*) B6/CBA γH2AX foci data was taken from 79, No of 
breaks were taken from 30. Linear regression indicates that γH2AX foci 
in recondensing male chromatin have predictive value for the amount of 
lasting chromosome type abnormalities at first cleavage division.
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a lower chance of pregnancy 118, that is observed in IVF clinics the 
world over.
The data presented and discussed here promote insight into the rela-
tion between the fist cell cycle and mutation induction via the char-
acteristics of DSB repair at the onset of mouse development, high-
lighting the role of stalled replication fork management in especially 
the male pronucleus.
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Supplementary Data Section 3.2
Sup Figure 1 Paternal chromosomal aberrations derived from 3 Gy 
irradiated sperm at first mitotic cleavage (A) Dicentric and acentric 
fragment (double arrow) in scid derived zygote. (B) Chromatid exchange 
(quadriradial, ball on stick) in mRad54/54B-/- derived zygote. (C) Dicen-
tric and fragment in mRad54/54B-/- derived zygote.
Sup Figure 2 Repair proteins 1.5 hours after 2 Gy irradiation during 
S-phase Zygotes derived from control CBA/B6 sperm fertilizing B6.129 
oocytes were irradiated at 8.3 hours pf. Co-stain for (A) Rad51 (B) Brca1. 
*= second polar body. Scale bars: 10 µm.
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
 
   

          

           
           
           

           

           
           
           

           

            
            
            




           

            
            
           
           
           




           

Sup Table I Frequency of residual γH2AX foci at first mitotic cleav-
age
Percentage of chromosome complements containing at least one γH2AX 
focus of indicated type is listed. The frequency (plotted in Figure 6B/D) 
and total number of zygotes (n) is indicated.
a) p<0.05 with control by KWD
b) p<0.05 with control by Chi square
c) p=0.057 with control Chi square
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
   

   

 


 
   
   
   
   




 
   
   
   
   


  


  


 


   

Supplementary Table II. Relative reduction of foci during G1
Relative reducion:
For zygotes
(Number of foci at chromatin remodeling – Number of foci at indicated 
t)/( Number of foci at chromatin remodeling)
For cell lines
(Number of foci after IR treatment – Number of foci at indicated t)/
(Number of foci after IR treatment)
Data taken from
a) Ref 57
b) Ref 55
c) Ref 10
d) Ref 11
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Abstract
The results of a number of recent studies show that mutation rates 
in the offspring of irradiated parents are substantially elevated, how-
ever the effect of parental genotype on transgenerational instability 
remains poorly understood. Here we have analysed the mutation 
frequency at an expanded simple tandem repeat (ESTR) locus in the 
germline and bone marrow of the first generation male offspring 
of control and irradiated male mice. The frequency of ESTR muta-
tion was studied in the offspring of two reciprocal matings ♂scid x 
♀BALB/c and ♂BALB/c x ♀scid, which were compared with that 
in BALB/c mice. In the offspring of the BALB/c x BALB/c and 
♂scid x ♀BALB/c matings, which were conceived after paternal 
sperm irradiation, the frequency of ESTR mutation was significantly 
elevated in both tissues. In contrast, ESTR mutation frequency was 
only slightly elevated in the offspring of ♂BALB/c x ♀scid mating 
conceived after paternal irradiation. The results of this study sug-
gest that the oocytes of scid females are unable to fully support the 
repair of double-strand breaks induced in paternal sperm which may 
in turn result in the elimination of cells/embryos containing high 
levels of DNA damage, thus partially preventing the manifestation 
of genomic instability.
Maternal effects of the scid mutation on radiation-
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To analyse transgenerational changes in mutation rate, tissue sam-
ples were taken from the non-exposed 7-week-old male offspring 
of control and irradiated (2 Gy of acute X-rays) BALB/c and severe 
combined immunodeficient (scid) males. The frequency of muta-
tions at an expanded simple tandem (ESTR) locus, Ms6-hm, was an-
alysed in the offspring of two reciprocal matings ♂scid x ♀BALB/c 
and ♂BALB/c x ♀scid which were compared with those of BALB/c 
mice (Table 1). To ensure that all offspring included in this study 
were derived from irradiated sperm from the caudal epididymis and 
vas deferens, the exposed males were mated within 5 days after ir-
radiation with non-exposed females 123. Homozygous scid mice used 
in this study are on the C.B17 genetic background. The C.B17 strain 
was derived from a multiple backcross of (BALB/c x C57BL/Ca) x 
BALB/c and its characteristics are essentially those of BALB/c 124. 
The progenitor allele size at the Ms6-hm locus in scid, C.B17 and 
BALB/c mice included in this study were all approximately 3 kb. 
Importantly, the same allelic variants of the genes encoding the pro-
teins p16INK4a 125 and DNA-dependant protein kinase catalytic-sub-
unit, DNA-PKcs 
126 are found in both strains 127, 128. Given that the 
p16INK4a protein plays a vital role in cell-cycle control and DNA-PKcs  
is involved in the non homologous end-joining (NHEJ) pathway of 
DNA double-strand break (DSB) repair, it therefore appears that 
the presence of these allelic variants in both strains may have a simi-
lar effect on the genome stability. Indeed, our previous data show 
a remarkable similarity in ESTR mutation rates in the germline of 
non-exposed BALB/c and C.B17 males 128.
Using a single-molecule (SM-PCR) approach 129, 130, the frequency of 
ESTR mutation at the Ms6-hm locus was evaluated in bone marrow 
(BM) and sperm DNA samples taken from 18 offspring (3 animals 
per experimental group). We first compared the frequency of ESTR 
mutation in the offspring of non-irradiated parents. Given that the 
frequency of mutation in the offspring of the reciprocal matings 
(♂scid x ♀BALB/c and ♂BALB/c x ♀scid) did not significantly dif-
fer (sperm, 0.096 ± 0.018 and 0.094 ± 0.018; t=0.09; P=0.9283; BM, 
0.072 ± 0.014 and 0.057 ± 0.013; t=0.75; P=0.4335), these data were 
therefore combined for further analysis (Table 1). Overall, a signifi-
cant 1.8-fold increase in the mean frequency of ESTR mutation was 
found in the sperm of F1 hybrid animals compared to that in the 
BALB/c strain (t=2.35; P=0.0190); a similar 1.5-fold increase was 
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also detected in BM (t=1.88; P=0.0603). scid mice carrying a non-
sense mutation in the DNA-PKcs are deficient in the repair of DSBs 
by the non-homologous end joining (NHEJ) pathway 131, 132. Given 
that the activity of DNA-PKcs in BALB/c mice is also substantially 
compromised 90, the effects of a nonsense scid mutation can there-
fore manifest in BALB/c x scid F1 hybrid animals, thus resulting in 
elevated spontaneous mutation rate.
We next analysed transgenerational changes in the first generation 
(F1) offspring of irradiated wild-type BALB/c mice. For both tis-
sues, a statistically significant ~2-fold increase in the mean muta-

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Table 1 ESTR mutation frequencies in controls and the offspring of 
irradiated males
* Number of amplifiable molecules is given in brackets.
† ± standard error.
‡ Ratio to the frequency in the offspring of non-exposed males from the same mating.
§ Student’s test and probability for difference between the offspring of irradiated males and 
controls.
¶ Aggregated data for the offspring of non-exposed mating ♂scid x ♀BALB/c and ♂BALB/c 
x ♀scid (see text for details).
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tion frequency was found in the offspring of irradiated males. Most 
importantly, the frequency of ESTR mutation was elevated in the 
germline and somatic tissue of all the offspring of irradiated males 
(Figure 1).
Figure 1 Frequency of ESTR 
mutations in controls males 
(open bars) and the first-
generation offspring of irra-
diated males (hatched bars) 
Each bar represents the fre-
quency of mutations measured 
in an individual male. (A) Fre-
quency of ESTR mutations in 
sperm. (B) Frequency of ESTR 
mutations in the bone marrow 
tissue. The standard errors 
(s.e.) are shown on all graphs. 
DNA samples were prepared 
as previously described 130. Ap-
proximately 5 µg of each DNA 
sample was digested with 20 U 
MseI (New England Biolabs). 
The frequency of ESTR mu-
tation was be evaluated using 
a single-molecule PCR (SM-
PCR) approach 129, 130. DNA 
was amplified on an MJ DNA engine PTC 220 in 10 µl reactions using 
0.6 µM flanking primers, 1 U enzyme mix (Expanded High Fidelity PCR 
system, Roche), 1 M Betaine and 200 μM dNTPs. After denaturing at 
96ºC for 3 min, PCRs were cycled at 96ºC for 20 sec, 58ºC for 30 sec, 
and 68oC for 3 min for 30 cycles, ending with 10-min incubation at 68ºC. 
PCR products were resolved on a 40 cm long agarose gel and detected 
by Southern blot hybridisation 144. To increase the robustness of the esti-
mates of individual ESTR mutation frequencies, on average 139 amplifi-
able molecules were analyzed for each tissue for each male mouse. The 
frequencies of ESTR mutation and standard errors were estimated using 
modified approach proposed by Chakraborty 145.
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In our previous studies ESTR mutation rates were analysed in the 
offspring conceived 3 and 6 weeks after paternal exposure irradia-
tion 127, 130, 133. Given that these stages of the mouse spermatogenesis 
are transcriptionally active, their exposure to radiation could result 
in an accumulation of certain classes of RNA in the paternal germ 
cells which, being transmitted to the fertilised egg, may affect gene 
expression and stability in the developing embryo. If transgenera-
tional instability is attributed to the zygotic transfer of RNA 134, 
then the offspring conceived just few days after paternal irradiation, 
from transcriptionally inert sperm cells 135, should be genetically sta-
ble. However, a similar magnitude of transgenerational increases in 
ESTR mutation frequency was found in the F1 offspring of exposed 
BALB/c males conceived from either transcriptionally active or in-
active stages of spermatogenesis (Figure 2).
Given that the efficiency of DNA repair in sperm cell is greatly 
diminished 136 and the fertilising ability of irradiated sperm is not 
substantially compromised 98, the majority of pre-mutational radia-
tion-induced lesions are transmitted to the fertilised egg where they 
are repaired within a few hours 79, 137. As a result, radiation-induced 
damage to sperm DNA triggers a cascade of events in the zygote, 
including profound changes in the expression of DNA repair genes 
81, 138 and alterations in DNA methylation and histone acetylation 139. 
The presence of such dramatic changes at fertilisation could also 
result in delayed effects, which may influence the stability of the 
developing embryo.
To evaluate the effect of the scid mutation, the frequency of ESTR 
mutation was compared in the offspring of two reciprocal crosses, 
where irradiated BALB/c and scid males were mated to non-ex-
posed scid and BALB/c females, respectively. In the offspring of 
♂scid x ♀BALB/c mating, the frequency of ESTR mutation was 
significantly elevated in both tissues (Table 1). The magnitude of 
this increase was very similar to that observed in the offspring of 
irradiated ♂BALB/c x ♀BALB/c. In contrast, ESTR mutation 
frequency was only slightly elevated in the offspring of reciprocal 
cross. We therefore conclude that in the maternal scid background 
the manifestation of radiation-induced transgenerational instability 
is partially suppressed.
Given that the maternally-derived NHEJ pathway is fully active in 
zygote 86, in the offspring of ♂BALB/c x ♀scid mating it should 
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be severely compromised during the early stages of their develop-
ment. The inability of the scid oocytes to fully support the repair of 
radiation-induced DSBs in sperm may therefore lead to the elimina-
tion of embryos containing high level of DNA damage. Previously 
reported lack of mutation induction in irradiated scid mice can also 
be explained by the high cell killing effects of irradiation on their 
germline 128.
As the mouse embryo undergoes early zygotic activation of tran-
scription during the 2-cell stage where over 800 genes, including the 
gene encoding DNA-PKcs, are re-expressed 
22, the level of NHEJ in 
the offspring of ♂BALB/c x ♀scid mating should be restored very 
early by transcription of the paternal BALB/c allele. The alleged 
elimination of some highly unstable embryonic cells should there-
fore occur at the very early stages of development, perhaps before 
the 4-cell stage, where the ability to repair DSBs by NHEJ still re-
mains under the scid maternal control.
The suppression of mutation induction and radiation-induced ge-
nomic instability in homozygous scid cells can be explained by the 
DNA-PK-independent activation of p53 and p21, resulting in a high 
level of apoptosis and cell-cycle arrest in the irradiated DNA-PKcs 
deficient cells 140. The inter-strain variation in the responses to ionis-
ing radiation, including the manifestation of radiation-induced ge-
nomic instability, has previously been explained by differences in the 
intensity of apoptosis 141. According to the results of this study, cells 
from the radiation-resistant C57BL/6 mice undergo rapid apoptosis 
after irradiation, which could in turn suppress radiation-induced ge-
nomic instability in this strain.
Our recent data show that radiation-induced DSBs in the sperm head 
Figure 2 Frequency of ESTR 
mutations in the F1 offspring of 
BALB/c males conceived 5 days 
(sperm) and 6 weeks (spermato-
gonia) after acute exposure to 
X-rays. Data for the spermato-
gonia irradiation are taken from 
Barber et al. (2006)130.
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are repaired in the wild-type zygote during pre S-phase 79, where 
they should be almost exclusively repaired by the NHEJ pathway 
57. Given that unrepaired DSBs are highly mutagenic and result in 
chromosome type aberrations in early zygote 137, their early repair in 
the offspring of ♂BALB/c x ♀scid mating should be compensated, 
most likely by homologous recombination 110. Given the high fidel-
ity of HR and its well-established role in the repair of DSBs during 
replication, the activation of this pathway may suppress mutation 
process at ESTR loci, the mechanisms of which are most probably 
attributed to replication slippage 128, 129. However, as the period of 
time when in the offspring of ♂BALB/c x ♀scid mating remains 
under the scid maternal control is very brief, it appears unlikely that 
such a short burst of HR activity may substantially affect ESTR sta-
bility, unless the long-term epigenetic up-regulation of HR in these 
animals is suspected.
In conclusion, the data presented here show that radiation-induced 
transgenerational instability in the offspring of ♂BALB/c x ♀scid 
mating is suppressed and therefore suggest a long lasting effect of 
maternal genotype and DNA repair proficiency on ESTR mutation 
rate in the germline and somatic tissues. Together with the results of 
our previous study showing strain-specific differences in the extent 
of transgenerational instability in mice 127, these data highlight the 
importance of genetic factors in the manifestation of this phenom-
enon. Moreover, they provide further insights on the mechanisms 
underlying the phenomenon of maternal effect for DNA repair in 
mammals. The results of early studies show that the inter-strain dif-
ferences in the efficiency of DNA repair in oocyte can significantly 
affect the yield of dominant-lethal mutations induced in male germ 
cells 21, 142. According to these data, the frequency of mutations de-
tected in the offspring of exposed male mice depends on the ability 
of maternal strain to repair DNA lesions induced in sperm. How-
ever, these maternal effects were detected in the wild-type strains of 
mice where the efficiency of DNA repair is not substantially com-
promised. In contrast, the scid mutation almost completely abol-
ishes the activity of DNA-PKcs, thus dramatically affecting the early 
responses to DNA damage in zygote. Presumably on this mater-
nal background, a considerable fraction of DNA lesions induced in 
sperm cannot be properly repaired, resulting in the elimination of 
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most unstable cells/embryos. As in the surviving embryos, the man-
ifestation of transgenerational instability is suppressed after paternal 
sperm irradiation, maternal effects of the scid mutation may thus 
be regarded as protective. Finally, given the wide range of inherited 
variation in DNA repair capacity in humans 143, there is potential 
that the same phenomenon may also exist in humans.
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Abstract
Background Among ICSI children de novo structural chromo-
some aberrations of male descend are increased. Misrepair of double 
strand DNA breaks (DSBs) is a prerequisite for such aberrations to 
occur. To date, no absolute assessment of the  number of DSBs in 
human sperm nuclei after gamete fusion has been described.
Methods Using man-mouse heterologous ICSI and γH2AX im-
munofluorescent staining, capable of detecting a single DSB, the 
number of lesions in ICSI selected sperm from normozoospermic 
men (n = 2) and oligozoospermic patients (n = 3) was quantified. A 
comparison with a sub-fertile male mouse model (n = 5) has been 
made. In addition, the fate of morphologically normal ejaculated 
immotile sperm after ICSI was examined.
Results A significant increase in the fraction of sperm cells bear-
ing DSBs was found in oligozoospermic semen compared with that 
from normozoospermic men (P < 0.01). The majority of morpho-
logically normal immotile human sperm showed excess γH2AX 
staining and nuclear disintegration. However, some had a non-devi-
ant DSB pattern.
Conclusions The increased fraction of DSB positive sperm in both 
human and mouse oligozoospermic semen is adding to the surmise 
that semen from oligozoospermic patients has a reduced chromatin 
quality, causally related to reduced preimplantation embryo devel-
opment. The use of ejaculated immotile sperm for in vitro reproduc-
tion is debatable due to sperm DNA degradation.
Motile human normozoospermic and oligozoo-
spermic semen samples show a difference in dou-
ble strand DNA break incidence
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Introduction
With the introduction of assisted reproduction techniques (ART), 
infertility no longer poses an absolute hurdle for couples to par-
ent a child. In biological terms, ICSI is a less physiological form of 
ART, as this technique circumvents biological selection. As sperm 
selection is a poorly defined concept 1 and ICSI is the sole option 
for many cases of male factor infertility, this poses a degree of con-
cern. Sperm from such men usually meet several or all of the World 
Health Organization (WHO) criteria for oligo-astheno-teratozoo-
spermia (OAT). One major concern pertains to an increased risk of 
de novo mutation at both the level of the gene and chromosome. 
An increased risk of de novo mutation at the chromosomal level has 
been indicated. In sperm of OAT males, the normally low incidence 
of numerical chromosomal abnormalities is about doubled implying 
meiotic defects 2, possibly illustrated by lower recombination rates 3, 
giving rise to an increased number of aneuploid offspring 4.
The aetiology of structural chromosome aberrations, that are also 
more frequent among ICSI descendants 4, remains unclear. For a 
long time, this class of mutation has been known to be largely of 
male descent 5. Misrepair of double-strand DNA breaks (DSBs) is 
a prerequisite for structural chromosome aberrations to occur 6. 
Indeed, radiation-induced DSBs in mouse and human sperm lead 
to chromosome abnormalities, detectable in the paternal chromo-
somes at the first cleavage division 7, 8.
DSBs are a characteristic of living cells in that they do occur spon-
taneously in the cell cycle during DNA replication and are instru-
mental in the generation of antibody diversity 9 and meiotic recom-
bination If left unrepaired, DSBs would inhibit the cell cycle or 
alternatively would lead to gross structural alteration of the chro-
mosome complement, most likely by a high frequency of deletions. 
Therefore a DSB is considered to be a most serious DNA lesion. 
Hence, special DNA repair pathways, notably homologous recom-
bination repair (HR) and non-homologous end joining (NHEJ) 
evolved in the course of evolution to take care of such damage [see 
for review 10]. Structural chromosome abnormalities such as dicen-
tric chromosomes, reciprocal translocations and acentric fragments 
are conceptualized as failures of both NHEJ and HR, for which the 
word misrepair is coined.
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DSBs are also used to rearrange chromatin, a most prominent ex-
ample being the elongation of round spermatids when the enzyme 
Topoisomerase II 11 both creates and religates these lesions. This 
breakage activity is implicated in the loss of the nucleosomal chro-
matin structure on the way to transition protein and protamine oc-
cupation of DNA in sperm. 
Sperm present a special group of nuclei with respect to DNA dam-
age as nuclei are very compact. Yet, several methods have yielded 
indications for the presence of DNA damage at a larger scale than 
in somatic cell systems that rely on active DNA repair, that is not 
available to the sperm nucleus 12, 13.
For the past decades, the DNA integrity of the sperm nucleus has 
been measured by numerous techniques: i.e. NT (in situ nick trans-
lation ), TUNEL (terminal deoxynucleotidyl transferase dUTP end 
labelling), SCE (single cell electrophoresis or Comet assay in alka-
line and “neutral” variants), sperm chromatin dispersion test and 
SCSA (sperm chromatin structure assay) 14, 15. Apart form the neu-
tral comet assay 16, these methods do not specifically sense DSBs. 
Moreover, the neutral comet assay does not generate absolute num-
bers of breaks.
For the cytogenetic analysis of human sperm after heterologous in-
semination, hamster 17 and mouse 18 secondary oocytes have been 
used in the past. Heterologous ICSI of mouse oocytes is a proven 
method for the assessment of oocyte activating power and chromo-
somal constitution of human sperm, mimicking the ICSI-involved 
sperm selection procedure 18, 19. Frequencies of 1.3% and 6.9% for, 
respectively, numerical and structural chromosome aberrations, have 
been found in morphologically normal semen using these methods 
18. However, from the data on structural chromosome abnormali-
ties, the absolute number of breaks per sperm nucleus cannot be 
deduced, due to an absence of knowledge regarding the reliability of 
repair mechanisms, i.e. the amount of misrepair of HR and NHEJ, 
in the zygote 20. Because of the fact that DNA repair is not error 
free, knowledge about the absolute number of DSBs in sperm is 
required. 
As every living cell has to cope with DNA damage, highly sensi-
tive signalling and repair mechanisms have evolved 9. The surveil-
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lance and repair machinery that protects the cell from DSBs uses 
enzymes that recognize the DSB and phosphorylate proteins sur-
rounding the break, notably  Histone H2AX, denoted as  γH2AX 
(Rogakou et al., 1998). 
This reaction, appearing within minutes after the insult in most 
cellular systems, is pivotal to genome stability and conserved from 
yeast to human 21, 22. As a prerequisite for the present investigation, 
we have investigated whether γH2AX signalling was operative in 
the early mouse zygote, which was the case for both paternal and 
maternal chromatin 23.
Upon gamete fusion followed by activation of the secondary oo-
cyte, the second meiotic division is completed. Simultaneously, a 
speedy transition from sperm nucleus to male pronucleus occurs, 
24 during which paternal chromatin undergoes remodelling from 
a protamine-rich sperm chromatin configuration, to the histone-
based nucleosomal configuration. γH2AX can be detected after the 
onset of chromatin remodelling .
During temporary recondensation of the unfolded sperm nucleus, 
histone H3 is increasingly phosphoryated at serine 10. With uni-
form staining for this epitope, γH2AX foci are distinctly present 
and large foci representing DSBs can be positively identified 23. 
Here we quantify DSBs present in human sperm after chromatin re-
modelling using the mouse heterologous ICSI and γH2AX staining 
(HIGH) assay. Sperm from normozoospermic men and oligozoo-
spermic patients, selected by WHO criteria, was analysed. A com-
parison with a sub-fertile male mouse model has been made. For the 
first time, absolute numbers of sperm DSBs could be determined.
Sperm motility is a crucial factor that influences the outcome of ICSI. 
Both pregnancy rate and embryo quality are reduced after ICSI with 
immotile sperm 25. DNA damage assays have been shown to give 
lower readings in sperm selected for motility, both after swim up 16 
and manual selection 26. By theory and in practice, immotile sperm 
is composed of a viable and non-viable fraction with a large varia-
tion between samples. Hence, the use of ejaculated immotile sperm 
for ICSI is still under debate. Therefore, we also examined ejaculat-
ed immotile but morphologically normal sperm by the HIGH assay 
under the assumption that this dichotomy could be clarified from 
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zygote chromatin behaviour, which was the case.
Methods
Reagents
For oocyte storage, injection and culture, minimum essential alpha me-
dium was used (Cat no. 22571, GIBCO Life Tech, Gaithersburg, MD), 
supplemented per 500 ml with 2.5 g HEPES, 684 mg 50% sodium lactate 
solution, 55 mg sodium pyruvate, 65 mg penicillin G (1596 U/mg) and 
6% fetal calf serum (BioWhittaker Europe, Verviers, Belgium).
Semen donors
Semen samples from three OAT men [by WHO criteria 27] attending our 
fertility clinic for diagnosis were cryopreserved for this study. Cryopre-
served semen samples of two normozoospermic men of proven fertility 
served as controls. The percentage of severely DNA-damaged sperm of 
each sample was assessed by TUNEL assay 26 after thawing. All patients 
gave written informed consent before inclusion in this study.
Preparation of cryopreserved human sperm
Sperm samples were diluted 1:1 (drop wise) with test yolk buffer (Irvine 
Scientific, Santa Ana, CA, USA) and equilibrated for 10 min at room 
temperature. The sperm/cryoprotectant mixture was aspirated in 0.5 ml 
straws (CBS, France), sealed, placed in a cooling chamber and rapidly 
frozen in liquid nitrogen vapour for 10 min 4, 28, 29. Straws were stored in 
liquid nitrogen. Thawing, occurred for 10 min at room temperature, fol-
lowed by dilution of cryoprotectant with 1 ml human tubal fluid (HTF)-
HEPES. Suspension was centrifuged for 5 min at 500 g and the pellet 
was gently resuspended in HTF-HEPES. This was repeated once and the 
samples were kept at room temperature until ICSI.
Preparation of mouse sperm
Male mice, heterozygous for two semi-identical reciprocal translocations 
T(1;13)70H and T(1;13)1Wa (abbreviated T/T’) usually are sterile by OAT 
30. Sterility is caused by reduced chromosome synapsis at first meiotic 
prophase for translocation chromosomes. This mouse model is main-
tained on a Swiss random bred background. Zygotes derived by ICSI 
with cauda epididymal sperm show a severely reduced cleavage rate and 
developmental delay/arrest during the zygotic S-/G2-phases 31. Sperm of 
five OAT mice [8-10 weeks, testes 50-70 mg, 31] was obtained by disper-
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sion of the contents of the two cauda epididymidi in 200 µl HTF-Hepes 
3% bovine serum albumin (Sigma, A-4503). Samples were kept at room 
temperature.
Preparation of mouse oocytes
B6D2 F1 females (4-10 weeks) (Charles River, Sulzfeld, Germany) were 
used as oocyte donors and kept at a 9.00 am - 9.00 pm light schedule. 
Superovulation was induced by i.p. injection of 7.5 IU pregnant mare’s 
serum gonadotrophin (PMSG) (Intervet, Boxmeer, The Netherlands) 
around 9 pm, followed by 7.5 IU HCG (Intervet, Boxmeer, The Nether-
lands) 48 h later. Oocytes were freed from the oviducts 13 h after HCG, 
and stored without cumulus cells at 37 °C for up to 5 h.
Heterologous and homologous ICSI
Microinjection was performed as described 32 with some adaptations. 
The injection medium was kept at 24 °C. Both human and mouse sperm 
were selected for normal morphology and motility at 400x magnifica-
tion. Morphologically normal immotile sperm of OAT men were used as 
well. The sperm tail of mouse sperm was removed using the piezo driven 
injection needle. After injection, oocytes were kept on the microscope 
stage for 5 min, were then gradually warmed to 37 °C and placed in cul-
ture medium at 37 °C, 5% CO2 in air.
Fixation and staining of zygotes
For immunofluorescent detection of γH2AX chromatin domains and sta-
tus of paternal chromatin remodelling (by anti-H3S10ph) zygotes were 
processed two hours after ICSI as described 24. The following antibodies 
were used: γH2AX mouse monoclonal (Upstate #05-636, clone JBW301, 
1:10,000) and rabbit anti-H3S10ph (Upstate #06-570, 1:1,000). Secondary 
antibodies were: Molecular Probes, Oregon, USA: A11001 fluor 488 goat 
anti-mouse IgG (H+L), A11012 fluor 594 goat anti-rabbit IgG (H+L), 
both in a 1:500 dilution. DNA was stained with 4',6-diamidino-2-phe-
nylindole (DAPI) in phoshate-buffered saline (0.33 mg/l) and fading was 
counteracted with Vectashield (Vector Laboratories).
Analysis
Microscopic observations were made from coded samples by one ob-
server (A.A.H.A.D.). Oocyte activation status was assessed, as was the 
degree of decondensation and chromatin remodelling of the sperm nu-
cleus. Large DSB related γH2AX foci of fully remodelled paternal nuclei 
(judged by histone H3 serine10 phosphorylation and DAPI morphology) 
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were counted. Unlike small foci, large foci can be induced by sperm ir-
radiation and treatment of the early zygote with proven inducers of DSBs 
23.
Non-parametrical statistical analysis was performed using Prism (Graph-
pad) and SPSS (Appache software foundation) software.
Results
Semen quality and heterologous ICSI efficiency
Semen samples were categorised using the hallmark parameters 
of fertility; concentration, motility and morphology. The TUNEL 
staining provides a further reference to semen quality. A TUNEL 
score >14% is indicative for poor DNA integrity and correlates with 
reduced fertility 26, 33. As expected, the DNA integrity of OAT sperm 
was reduced (higher TUNEL scores, Table 1).
Heterologous ICSI was performed on 274 mouse oocytes, resulting 
in 225 analysable zygotes (82.1% survival). Zygotes were classified 
in three classes: a) normal zygotes with maternal chromosomes in 
anaphase II – telophase II and fully remodelled sperm (Figure 1A); 
b) activated secondary oocytes without sperm decondensation; c) 
sperm nucleus expansion without oocyte activation. Between pa-
tient samples, no significant differences were observed for class 
distributions (Table 2). However, morphologically normal immotile 
sperm (pooled from OAT semen, all patients) showed a significant 
shift in ICSI characteristics, with almost half of the sperm lacking 
oocyte activating capacity (Table 2).
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DSB analysis of human sperm using γH2AX
All normal developing zygotes were analysed for γH2AX signalling. 
The mouse oocyte remodels the human sperm nucleus to a nucleoso-
mal chromatin structure [mouse 24, 34]. The DNA damage signalling 
mechanism of the oocyte marks DSBs via γH2AX which show as 
large foci in paternal chromatin (Figure 1A). These can be counted 
provided the remodelling process has advanced far enough, which is 
indicated by uniform H3S10ph staining 23 (Figure 1A). Background 
Figure 1 gH2AX patterns in zygotes derived from human sperm in 
heterologous ICSI 
(A) Remodelled paternal chromatin showing DSB related gH2AX focus 
(asterisk) and examples of non-DSB related gH2AX foci (arrows) (male 
symbol). Homogenous histone H3S10ph is indicative of fully remod-
elled male chromatin. The corresponding mouse maternal ana-/telo-
phase II is also depicted (female symbol). (B) Examples of aberrant 
paternal gH2AX staining found after injection of immotile, morpholog-
ically normal sperm. (C) Aberrant staining of paternal chromatin after 
ICSI with immotile sperm (male symbol) evokes gH2AX signalling on 
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staining and small γH2AX foci, intrinsic to the sperm remodelling 
stage are not DSB related 23. Occasionally a non-focal pattern often 
covering the larger part of the nucleus, is observed (Figure 1B and 
1C). This type of γH2AX staining was mostly found in morphologi-
cally normal immotile sperm (see below).
When the ranges and averages of DSB related γH2AX foci from 
all five men were compared, no significant differences could be de-
tected (Figure 2A).
Zygotes were divided into three groups on the basis of paternal 
γH2AX staining (Table 3): without DSB foci (negative), with foci 
and with an aberrant γH2AX pattern. The fraction of sperm with 
DSB-related foci is increased in OAT men, as shown in the graphi-
cal representation (Figure 2B).
the mouse maternal ana-/telophase II chromatin (female symbol). (D) 
In addition to the aberrant staining patterns shown in 1B/C, sperm 
lacking oocyte activating power could fragment after chromatin remod-
elling. Double labelling with H3S10ph verifies the paternal origin of the 
gH2AX fragments.
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Figure 2 gH2AX analysis of paternal chromatin in normal devel-
oping zygotes (A) Distributions and averages of DSB related gH2AX 
foci found in remodelled paternal chromatin after heterologous- (nor-
mospermic and OAT donors; left) and homologous ICSI (mouse; right). 
The value of the average is given above each column. (B) Fraction of 
cells containing at least 1 DSB related gH2AX focus, including aber-
rant staining patterns (Table 3). Significant differences by Pearson Chi 
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Chromatin from morphologically normal ejaculated immo-
tile sperm displays an increased incidence of aberrant γH2AX 
staining
Ejaculated immotile sperm are prone to lack oocyte activating ac-
tivity (Table 2). In addition, both immotile sperm which do activate 
oocytes and those which do not, show a significant increase in ab-
errant γH2AX staining patterns (Table 3 and Figure 2B). Larger 
positive nuclear domains up to heavily stained paternal chromatin 
prevail (Figure 1B and 1C). Of the sperm nuclei lacking oocyte ac-
tivating capacity, 4 out of 9 showed chromatin disintegration within 
the oocyte cytoplasm, as indicated by chromatin fragments double 
stained for γH2AX and H3S10ph (Figure 1D). Although ICSI with 
immotile sperm resulted in 81% (17/21) abnormal zygotes, 28.6% 
(6/21) was able to produce normal remodelled paternal chromatin 
(2 non-activating and 4 activating sperm). The level of DSB related 
square are indicated. No statistical differences within boxed groups. 
The normozoospermic mouse (normo) data were taken from22.
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
γ

γ
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foci of these nuclei, showed no significant difference with motile 
sperm (average 1.8).
Maternal chromatin reacts to abnormal paternal chromatin 
from immotile sperm
The maternal chromatin arrested at meiotic metaphase II shows a 
clear punctuate non-DSB related γH2AX staining, similar to that 
found in normal mitosis 35. After resumption of meiosis II this 
meiotic γH2AX diminishes rapidly (Figure 1A and 23). However, 
zygotes containing aberrantly γH2AX stained paternal chromatin 
from immotile sperm (Figure 1B and 1C) often showed an abnor-
mal intense labelling of the maternal anaphase II (Figure 1C). Table 
IV shows the status of parental chromatin of all oocytes/zygotes 
from injected immotile sperm. Abnormal γH2AX intensities/pat-
terns often correlated between parental chromatin complements.
ICSI with epididymal sperm of a sterile mouse model
Morphologically normal motile sperm of T/T’ mice was used for 
ICSI. A total of 46 analysable zygotes was obtained (90.2% sur-
vival). Zygote development is given in Table 2. DSB related γH2AX 
foci were counted in normal zygotes and compared with sperm 
from normozoospermic males (Table V and Figure 2). The average 
amount of DSBs was doubled in OAT mouse sperm. However, no 
statistical significant difference was obtained (Figure 2A). A signifi-
cant increase of the fraction of γH2AX positive remodelled nuclei 
was also observed in OAT mouse sperm (Figure 2B).
γ

   
      
      
      




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Discussion
In situ DSB detection in sperm via γH2AX at chromatin re-
modelling post gamete fusion
The chromatin composition of sperm nuclei differs from somat-
ic nuclei by the presence of protamines. Although human sperm 
chromatin remodelling during spermiogenesis is incomplete when 
compared with mouse (residual nucleosomes: mouse ~1%, human 
~15%) 36, no γH2AX signal can be detected in in vitro decondensed 
sperm of both species (L. Ramos personal communication). The 
analysis of H2AX phosphorylation in human sperm after heterol-
ogous ICSI, indicates that human sperm is comparable to mouse 
sperm (Figure 1) 23. 
It was already known that mouse oocytes can efficiently remodel 
human sperm chromatin to a somatic state, capable of chromosome 
condensation during first mitosis 18. Both studies demonstrate the 
suitability of the heterologous zygote system for the study of human 
sperm chromatin and chromosomes.
Sperm quality measurements compared
Sperm quality assessments based on the basic WHO sperm param-
eters are often supported by DNA integrity measurements like TU-
NEL, SCE and SCSA 33. The fraction of presumably apoptotic (i.e. 
TUNEL positive) sperm within an ejaculate correlates well between 
assays and is ~11% in normozoospermics 33, 37, see also Table I. Se-
lection of individual morphologically normal progressively motile 
sperm reduces the TUNEL-positive fraction to <1% 26 in line with 
γ













    
    

γ

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the general notion that more heavily DNA-compromised sperm nu-
clei are found in the immotile fraction 16.
The HIGH assay measures the absolute amount of DSBs 23 after 
sperm selection by ICSI criteria and sperm chromatin remodelling 
in the oocyte. The DSB-“positive” fraction in the HIGH assay was 
36% (fertile donor average) and 57% (OAT average), showing dis-
criminative power for motile sperm [in contrast to TUNEL 26] and 
demonstrating the improved sensitivity of the HIGH assay. Hence, 
both at the level of the total sperm population (DNA integrity as-
says) and in stringent “ICSI”-selected sperm (HIGH assay) a dif-
ference between normozoospermic and infertile semen was found, 
adding to the evidence that sperm chromatin and DNA integrity is 
altered in male infertility syndromes. It is reassuring that for these 
small samples the average absolute number of DSBs in semen from 
normozoospermic donors was not significantly different from that 
of OAT patients. We have to stress h owever, that the OAT donors 
used, were not at the extreme end of the spectrum. Assuming the 
incidence of DSBs to be applicable to ICSI candidates in general, 
the increase of de novo structural chromosome abnormalities after 
ICSI, by at least 4-fold 4, can not be attributed to an elevated number 
of DSBs in OAT semen per se (Figure 2) and could therefore arise 
early in embryonic development (zygote and cleavage stage) or dur-
ing spermatogenesis. Indeed, inspection of synaptonemal complexes 
in pachytene spermatocytes of infertile men has yielded indications 
for quadrivalents representing reciprocal translocations 38.
The minor increase of DSBs in OAT sperm could relate to a 
hampered preimplantation development
Zygotes derived from cauda epididymal sperm of T/T’ OAT mice 
showed a reduced cleavage rate (33% versus 87-96%) due to develop-
mental delay and arrest during zygotic S- or G2-phase 31. In sperm 
of these mice, the measured number of DSBs was similar to 1.5-2 
Gy sperm irradiation 23. Irradiation-induced damage, that leads to 
chromosome abnormalities at first cleavage division including recip-
rocal translocations, does not block the progression of the zygotic 
cell cycle 7. Therefore, the marginal increase of DSBs in conjunction 
with the developmental block at S/G2 phase found after insemina-
tion with T/T’ OAT sperm 31 indicates that the HIGH assay does 
not measure the total burden of aberrant chromatin. Cauda epididy-
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mal sperm from Tnp1-/-,Tnp2+/- mice that have an abnormal chro-
matin compaction due to a defect in the nucleosome to protamine 
transition, produced lower implantation rates and yields of live born 
offspring 39.Therefore, depending on the aetiology of these OAT 
mouse models, an early or late onset phenotype of preimplantation 
development has been described.
In human reproduction, a link between a paternal factor and poor 
embryo quality 40 resulting in reduced pregnancy rates, has been 
observed 41. Poor sperm quality as judged by the conventional DNA 
integrity assays is often found to be linked to reduced cleavage/blas-
tocyst rates 42-46, reduced in vivo fertility and ART outcome 45, 47-51 
[for reviews, see 52, 53]. Early onset paternal effects on zygote devel-
opment 54 and early cleavage 52 have also been described. Thus, also 
for the human, the increased fraction of sperm with DSBs (Figure 
2B) could indicate a pathology related to aberrant chromatin, i.e. 
expressed during preimplantation development. However, this bur-
den does not originate from the absolute number of DSBs that were 
either present in the sperm before penetration or were induced at 
chromatin remodelling before pronucleus formation 23, 55
Immotile sperm and DNA fragmentation
Protamine dominated sperm chromatin is generally regarded as 
highly stable. In contrast, chromatin from immotile human sperm 
often disintegrated after heterologous ICSI . In line with our re-
sults, Rybouchkin and co-workers (1997) found a strong correla-
tion between zygote arrest and the proportion of non-viable sperm 
among the immotile ones, also using man-mouse heterologous ICSI 
56. γH2AX staining revealed male nucleus disintegration during the 
chromatin remodelling phase before pronucleus formation (Figure 
1). Recently, mammalian sperm including human sperm was found 
to contain endonucleases which become activated after membrane 
permeabilization in the presence of divalent cations 57. DNA degra-
dation by these endonucleases was noticed already after 15 min and 
eventually digested the DNA to 50 kb loop domain fragments 57, 
suggestive of an apoptosis-like pathway, represented by the fraction 
of TUNEL-positive spermatozoa 58. The γH2AX pattern of 70% 
of nuclei from immotile sperm is indicative for high DNA damage 
(Figure 1B-D) . We have to stress that nuclear fragmentation after 
gamete fusion (Figure 1D) was not found after ICSI with motile 
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sperm that indeed are TUNEL negative 26. In 71% (10/14) of the 
cases, highly damaged non-motile sperm triggered a signalling re-
sponse in the maternal chromatin, as deduced from the increase in 
H2AX phosphorylation (Table 4 and Figure 1C). Normally, the con-
densed maternal second meiotic chromosomes loose γH2AX upon 
oocyte activation (Figure 1A). A functional role for the oocyte chro-
matin in supporting preimplantation development of zygotes with 
damaged paternal chromatin has been shown in the mouse 39. The 
nature of this maternal role remains elusive and needs further inves-
tigation. The maternal reaction found by us, supports the existence 
of a role of maternal chromatin in determining paternal chromatin 
integrity in the zygote.
In ~20% of immotile ejaculated sperm injections (4/21, Table 3) we 
found a normal γH2AX pattern in paternal and maternal chroma-
tin. This assessment may well be in line with clinical results obtained 
with immotile ejaculated sperm, notwithstanding the multifactorial 
background of this condition.
Conclusively, by use of man-mouse heterologous ICSI combined 
with the examination of the most pronounced chromatin marker 
for DSBs (γH2AX) we have for the first time obtained an objective 
assessment for the absolute number of these most serious DNA le-
sions in sperm. The incidence of DSBs was comparable in mouse 
and man (Figure 2). For both species, an indication was found for a 
decrease of the fraction of DSB-free sperm in OAT. This observa-
tion could be one aspect of data in the current literature, that hy-
pothesize a paternal chromatin-linked factor to negatively influence 
preimplantation embryonic development. In addition, this approach 
has unequivocally demonstrated the nuclear disintegration of the 
larger part of morphologically normal ejaculated immotile human 
sperm and supports further deliberation on the use of such sperm 
in assisted reproduction. 
In this project we for practical reasons made an exclusive use of 
cryopreserved samples, which in case of an interaction between re-
sistance to cryopreservation and donor status (i.e. fertile or subfer-
tile) could influence the interpretation of our data. On the other 
hand, survival after cryopreservation could lead to a general im-
provement of DNA integrity as measured by a modified alkaline 
Comet assay (Donnelly et al., 2001) no mention being made of any 
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relation between sperm quantity and direction of change with this 
assay.
The HIGH assay could also be an asset in the analysis of DNA in-
tegrity of testicular sperm in non-obstructive azoospermia and of 
immature testicular spermatids, in both cases capable of addressing 
possible relations with altered sperm chromatin remodelling. Due 
to the delicacy of mouse ICSI and time-consuming analysis, the 
HIGH assay will not be a suitable system for clinical sperm DNA 
integrity testing. From a biological point of view however, this sys-
tem provides a highly sensitive single-sperm analysis, to study prin-
cipal questions on sperm DNA integrity and the oocyte response in 
man and mouse.
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Abstract
In mouse zygotes, many post translational histone modifications 
are asymmetrically present in male and female pronuclei. We in-
vestigated whether this principle could be used to determine the 
genetic composition of monopronuclear zygotes in conventional 
IVF and ICSI. First we determined whether the principle of male 
female asymmetry is conserved from mouse to human by staining 
polypronuclear zygotes with antibodies against a subset of histone 
N-tail post-translational modifications. To analyze human mono-
pronuclear zygotes, a modification was selected that is solely present 
in the maternal chromatin. A total of 17 IVF-derived monopro-
nuclear zygotes all showed a non-uniform staining pattern, which 
is proof of a bi-parental origin and is assumed to result in a dip-
loid conception. In contrast, ICSI-derived monopronuclear zygotes 
(n=20) could be divided into three groups based on their staining 
pattern: 1) of maternal origin (n=12), 2) of paternal origin (n=5) 
or 3) consisting of two chromatin domains as in IVF (n=5). Our 
data show that monopronuclear zygotes originating from IVF arise 
through fusion of parental chromatin after sperm penetration. In 
contrast, monopronuclear zygotes derived from ICSI in most cases 
contain uni-parental chromatin. The fact that chromatin was of pa-
ternal origin in one-quarter of ICSI zygotes indicates an additional 
mechanism for haploid embryo generation. Implications for embryo 
transfer are discussed.
Parental origin of chromatin in human monopronu-
clear zygotes revealed by asymmetric histone meth-
ylation patterns, differs between IVF and ICSI 
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Introduction
Fertilization entails both cytoplasmic and chromatin fusion of 
two highly specialized gamete types. Cytoplasmic fusion occurs at 
sperm penetration. Nuclear fusion follows after syngamy of the two 
pronuclei when nuclear envelopes dissolve and at the first cleavage 
division, one mitotic spindle is constructed 59. In in vitro fertilization 
(IVF), a zygote with two distinct pronuclei is considered to be the 
result of normal fertilization and is usually encountered. Two types 
of abnormal fertilization are known to occur after both conven-
tional IVF and intra cytoplasmic sperm injection (ICSI): monopro-
nuclear and polypronuclear zygotes. Both types of zygotes are able 
to undergo cleavage divisions and can result in embryos of good 
morphological quality. 
After insemination, 2-6% of the oocytes will display only a single 
pronucleus after conventional IVF 60 and 5-27% after ICSI 61, 62. Tra-
ditionally and inspired by research into the artificial activation of 
mouse secondary oocytes 63, monopronuclear zygotes are thought 
to lead to haploid parthenogenetic embryonic development 64. How-
ever, previous studies investigating the chromosomal status of em-
bryos resulting from monopronuclear zygotes by fluorescence in 
situ hybridization (FISH), have shown a diploid chromosome con-
stitution in 49-62% of IVF-derived and 10-30% of ICSI-derived 
embryos 65, 66. Diploid embryos may be generated from uni-parental 
monopronuclear zygotes and subsequent diploidization 63, 67 or by 
early fusion of paternal and maternal chromatin 68. Due to imprint-
ing requirements only the latter ones may result in offspring whereas 
mono-parental diploid embryos of paternal descend can yield com-
plete hydatidiform mole (CHM) pregnancies 69. Monopronuclear 
zygotes have been reported to lead to progeny in the human 60, 70, 71 
which indicates these to originate from a fusion of male and female 
chromatin.
Although chromosomal FISH analysis can differentiate between 
haploidy and diploidy, it cannot absolutely distinguish between dip-
loid bi-parental and diploid mono-parental female embryos. There-
fore, to know if monopronuclear zygotes may be precociously fertil-
ized by the untimely fusion of paternal and maternal chromatin, and 
according to the definition of fertilization are suitable for embryo 
transfer, it is necessary to determine the origin of the chromatin 
present in a monopronuclear zygote.
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Histones are proteins that together with DNA form the nucleosome, 
the basic repeat unit of chromatin. The nucleosome protein complex 
consists of four different histones (H2A, H2B, H3 and H4), each of 
them present twice 72. Around this complex approximately 150 base 
pairs DNA are wrapped. The histones can be modified at specific 
amino acids by covalent  attachment of small molecules (e.g. acetyl, 
phosphoryl, methyl) or peptides (e.g. ubiquitin, sumo) 73, 74. These 
post translational modifications are especially numerous at the N-
tails of H3 and H4, that extend form the nucleosomal globular do-
main. Depending on their biological context these modifications 
influence for instance chromatin compaction, hence gene transcrip-
tion and DNA repair 73, 75. It has been shown that in the mouse 
zygote, several H3, H4 lysine methylation marks are absent in the 
paternal pronucleus but present in the maternal one, a phenomenon 
denoted as pronuclear asymmetry 24, 76-80. 
In mouse zygotes, we observed that the asymmetrical setting of ly-
sine methylation is maintained when parental chromatin is preco-
ciously fused, leading to a monopronuclear zygote. If the asymmet-
ric setting of parental marks is conserved in the human, it could be 
used to determine the origin of the chromatin present in monopro-
nuclear zygotes. We therefore collected tripronuclear zygotes and 
determined the presence of methylated lysine residues at positions 4, 
9 and 27 of the N-terminal tail of histone H3 by probing with anti-
bodies specific for these modifications. A clear asymmetry was ob-
served for trimethylated histone H3 lysine 9 (H3K9me3) and lysine 
27 (H3K27me3). We subsequently stained monopronuclear zygotes 
derived from ICSI or IVF with α-H3K9me3 antibodies, which al-
lowed unambiguous identification of the parental origin. This en-
abled us to distinguish maternal from paternal chromatin and deter-
mine the chromatin composition of monopronuclear zygotes on day 
one after conventional IVF or intracytoplasmic sperm injection.
Materials en methods
Collection of mono- and multipronucleated zygotes
Ovarian stimulation, oocyte retrieval and IVF procedures were per-
formed as described previously 81, 82. The study was approved by the Dutch 
Central Committee on Research Involving Human Subjects (CCMO) and 
the local ethics review committee of the Erasmus MC hospital. Written 
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consent was obtained from the couples in order to confirm that the zy-
gotes could be used for research purposes. The stage of fertilization was 
checked 16-20 hours post insemination or sperm injection. Only zygotes 
that had less or more than two pronuclei were used. Mouse zygotes were 
collected in parallel to previous projects 23, 24.
Fixation and immunofluorescence staining
Prior to fixation the zona pellucida was removed with 0,05% pronase in 
calcium/magnesium free medium (G-PGD, Vitrolife Sweden).
Thereafter, cells were immobilized in a fibrin clot 83. Fibrinogen was ob-
tained from Calbiochem (cat. nr. 341573) and thrombin was obtained 
from Sigma (cat. nr. T-6634). Cells were fixed in 2% paraformaldehyde 
(PFA), 0.15% Triton-X-100 for 30 min. Immunofluorescence (IF) was ap-
plied as described before 84.
Antibodies
The following antibodies were used: HP1-β (raised in rat, P. Singh; 
1:100), Polyclonal rabbit antibodies against H3K9me3; H3K27me3 and 
H4K20me3 were diluted 1:250, (T.Jenuwein). Rabbit polyclonal antibody 
for H3K4me3 and H3K9me3 were purchased from Abcam (ab8580, 
1:1500 and ab1186, 1:250 respectively).
Secondary antibodies used were goat anti-rabbit IgG (H+L) conjugated 
with Alexa Fluor 594 (Molecular Probes, Oregon, USA) and anti-rat IgG, 
FITC-conjugated (Sigma F6258). All were used in a 1:500 dilution. Nega-
tive controls were performed by omitting the first antibody, but non-spe-
cific binding was never observed.
Collection of images
Images were collected with a Zeiss Axioplan fluorescence microscope. 
Pictures were captured by a Zeiss AxioCam MR camera with Axiovision 
3.1 software (Carl Zeiss). Shown images are either stacks projected into 
a single image or a single slide of a stack. Whenever necessary, images 
where deconvoluted with Metamorph software version 6.
Results
During previous studies in which we determined patterns of post 
translational histone modifications and response to double strand 
DNA breaks in the early mouse zygote, we occasionally observed 
monopronuclear zygotes 23, 24. These were either the result of par-
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thenogenic activation of the secondary oocyte or of fusion of the 
parental chromatin domains. This conclusion was based on the fact 
that the partition of chromatin into histone methylation positive 
and negative domains was maintained (Fig 1). Depending on the 
modification, the asymmetry existed throughout the first cell cycle 
(Fig. 1h). Experiments done in four different mouse strains showed 
an average incidence ranging from 2.2 to 6.1 % for three of these 
strains but 11.6 % for the C.B17 strain (Table 1). Apparently there is 
a strain-specific factor that influences susceptibility for early fusion 
of the parental chromatin in the mouse. 
To determine whether origin-specific chromatin differences are also 
observed in human zygotes, we studied the distribution of trimethyl-
Figure 1 Diploid mouse monopronuclear zygotes
Examples of pre S-phase (a-g) and mitotic (h) monopronuclear zygotes
a-d) zygote stained for H3K9me3 (blue) and the H3K9me2,3 bind-
ing protein HP1-b(Lachner, O’Carroll et al., 2001) (green), Dapi labels 
DNA (red).
e-g) zygote stained for H3K4me3 (green), Dapi labels DNA (red).
h) zygote stained for H4K20me3 (green), Dapi labelled DNA (red). His-
tone H4K20me3 marks 20 maternal chromosomes at the constitutive 
heterochromatin. It has been reported that chromosomes in the mouse 
zygote are interconnected via their a-satellite sequences (Dozortsev, 
Coleman et al., 2000). This causes some chromosomes to be positioned 
in a head to head position. Arrowheads indicate head-to-head position 
of maternal and paternal chromosomes.
Section306 4.2
ated histone H3 at lysine 4, 9 and 27 in polypronuclear post S-phase 
human zygotes derived from IVF and ICSI. We observed a clear 
staining of both parental chromatin domains for H3K4me3 (Fig. 
2b, n=10) whereas trimethylated H3K9 and H3K27 were asymmet-
rically set (Fig. 2c, n=13; Fig. 2d, n=14). In IVF derived zygotes that 
originated from polyspermia, we consistently found one positive 
pronucleus (Fig. 2c,d). In the few polypronuclear zygotes obtained 
via ICSI, which arise as a consequence of failure of extrusion of the 
2nd polar body, two positive pronuclei were found (Fig. 2e). This 
Figure 2 Distribution of H3K4me3, H3K9me3 and H3K27me3 in 
human tripronuclear zygotes
a) A light microscopic image of a tripronuclear zygote prior to removal 
of zona pellucida and fixation.
b) Symmetrical distribution of trimethylated histone H3 lysine 4. Dotted 
line indicates position of the maternal PN, which can be distinguished 
from the paternal PN by size.
c) Asymmetrical localization of histone H3K9me3. A tripronuclear 
zygote obtained after conventional insemination and therefore likely the 
result of polyspermia. This histone modification is absent from the two 
larger paternal pronuclei.
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strongly suggested that, as in mouse and fly, the sperm derived chro-
matin lacks certain histone lysine methylations 24, 76, 85. 
We decided to study the constitution of human monopronuclear zy-
gotes by staining with an antibody against H3K9me3. A total num-
ber of 17 monopronuclear zygotes as determined by routine light 
microscopy (Fig 3a) were collected 18-20 hours after the start of a 
conventional IVF procedure. In all cases we observed one positive 
and one negative domain after staining. Among the apposed chro-
matin domains we now could distinguish two morphological types: 
12 zygotes displayed a clear fusion of the chromatin masses similar 
to observations in mouse monopronuclear zygotes (Fig 3b). In five 
zygotes, however, the two chromatin domains were not fused but in 
very close proximity of each other as if within the nucleus, a stricter 
compartmentalisation had occurred (Fig. 3c). This difference in ap-
pearance might be due to chromatin compaction which occurs dur-
ing zygotic G2 and is more advanced for maternal chromatin. In 
both cases, one of these domains showed overall staining for the 
histone modification whereas the other domain was largely nega-
tive: although distinct foci could occasionally be observed. A clear 
distinction in chromatin compaction between the two domains was 
also noticed (Fig. 3c). The maternal H3K9me3 positive domain was 
always of a smaller size than the paternal counterpart.
d-e) Absence of histone H3K27me3 from paternal chromatin. In tri-
pronuclear zygotes obtained after insemination, H3K27me3 was pres-
ent in the smaller maternal PN (d). A rare case of a tripronuclear zygote 
after ICSI (e). In these zygotes failure of second polar body extrusion 
is responsible for the extra PN. Therefore two PNs show this maternal 
mark.

 


  
  
  
  
 
 


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A total number of 20 monopronuclear zygotes derived from ICSI 
were collected. We observed three staining patterns in these pronu-
clei: 1) two asymmetrically stained, fused chromatin domains (n= 
3). 2) a chromatin domain without staining (n= 5; chromatin pres-
ent in polar bodies stained positive, indicating successful IF). 3) a 
Figure 3 Distribution of H3K9me3 in human monopronuclear 
zygotes
a) A monopronuclear zygote prior to removal of zona pellucida and 
fixation. b) A monopronuclear zygote with a clear fusion of the chroma-
tin domains alike the mouse monopronuclear zygotes in Fig 1. Two out 
of focus sperm heads are overlying the zygote. Higher magnification 
shows a diffuse region in between parental chromatin domains. c) The 
monopronuclear zygote depicted in 3a after staining. Two not overlap-
ping chromatin domains in close proximity are observed. Higher mag-
nification shows a clear separation of the parental domains. d) A mono-
pronuclear zygote obtained after ICSI in which the oocyte is activated 
by the sperm (indicated by arrow) but no further nuclear decondensa-
tion of the sperm has occurred. e) A monopronuclear zygote obtained 
after ICSI which contains paternally derived chromatin only. The posi-
tive domain in proximity of the PN is a polar body.
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stained chromatin domain and a condensed sperm head (n= 12).
 
Discussion
The asymmetrical setting of histone lysine methylation for paternal 
and maternal chromatin in the zygote is observed in a range of spe-
cies 24, 76, 85. Our results demonstrate this to extend to the human as 
well. Our observations for H3K4me3 and H3K9me3 are identical to 
the mouse post S-phase zygote 79, 80. The presence of trimethylated 
H3K4 in the paternal human PN is intriguing (Fig 2b). This mark 
is firmly associated with transcriptional active chromatin 73, 74. In 
mouse zygotes, it appears in the paternal pronucleus during S-phase 
and could be linked to the (minor) transcriptional activation of the 
zygotic genome at this stage 79, 86. In the human early embryo, genet-
ic activation of the embryo occurs between the four- and eight-cell 
stages, suggesting that the presence of H3K4me3 in zygotic paternal 
chromatin is not related to transcriptional activation 87. Trimethyl-
ation of paternal histone H3 lysine 27, an important regulatory mark 
for down regulation of transcription and heterochromatin forma-
tion in embryogenesis, occurs during DNA replication in the mouse 
zygote 80. In this study human tripronuclear zygotes were collected 
16-20 hours after insemination. Most likely, the majority, if not all, 
of these zygotes were progressing into S-phase or had reached G2. 
The absence of H3K27me3 in these zygotes might indicate species-
specific dynamics of H3K27 methylation, hence heterochromatin 
formation at first cleavage. 
All monopronuclear zygotes obtained by conventional IVF in this 
study appeared to be bi-parental. In the human, the sperm nucleus 
can enter the oocyte at any location whereas in mouse the region 
overlying the metaphase II spindle is inaccessible for sperm 88. How-
ever, this does not seem to prevent pronuclear fusion in the mouse 
(Table 1). The proximity of the parental chromatin domains early 
after gamete fusion has an effect on the chance of fusion. This is 
illustrated by the finding that in the mouse, injection of the sperm 
close to the maternal complement resulted in 22% monopronuclear 
zygotes 89. These authors provide evidence for aggregation of chro-
matin masses before pronucleus formation. In the human, evidence 
for pronucleus fusion as the way to the monopronuclear state, has 
Section310 4.2
only been obtained after injection of round spermatids 90. Bi-pa-
rental monopronuclear human zygotes most likely are the result of 
sperm entry close to the metaphase II spindle, suggesting this to 
be a distinct possibility at natural conception, too. The bi-parental 
monopronuclear zygotes obtained after ICSI are likely to have the 
same origin. Although clinical practise aims to puncture the oo-
lemma and deposit the sperm without disturbing the metaphase II 
spindle, one cannot rule out the possibility that the sperm is close to 
the maternal complement after injection. Especially since the first 
polar body has proven to be a unreliable marker for the location of 
the metaphase plate 91.
The majority of the ICSI-derived monopronuclear zygotes (85%) 
contained an abnormal genomic composition. This high rate of hap-
loid zygotes after ICSI confirms previously published studies 65,92. A 
total of 12 zygotes (60%) contained a maternal pronucleus with a 
condensed sperm head. It has been reported that among low num-
bers of sperm, the main reason to revert to ICSI, there are nuclei 
with a decreased ability to undergo decondensation while still able 
to induce oocyte activation 93, 94. 
To our surprise, we found almost one-third of the 1PNs after ICSI 
to consist of paternal chromatin only. Staessen et al. (1997) reported 
15% of embryos resulting from monopronuclear zygotes after ICSI 
to be haploid with only a Y chromosome 66. Assuming an equal ratio 
of X- and Y-bearing spermatozoa, we found the same proportion 
of 1PN embryos with only a paternal contribution. This demon-
strates clearly that complete extrusion of the female chromatin is a 
frequently occurring mechanism of 1PN formation. There are a few 
case reports 95, 96 that imply a relation between monopronuclear em-
bryos and a risk of a complete hydatidiform mole (CHM) pregnancy. 
These could be male haploid zygotes carrying an X chromosome 
that undergo diploidisation at first cleavage 69. 
There have been reports of live births after the transfer of human 
embryos which had only one pronucleus 60, 70, 71. Apparently, the set-
ting of the parent specific chromatin marks can be correctly execut-
ed within one nuclear membrane. The fact that we did not observe 
a mingling of histone post translational states within a monopro-
nuclear zygote confirms this. 
In the mouse, the implantation success rate of monopronuclear zy-
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gotes is around 19% (15/79) 89 whereas in humans one study report-
ed a percentage of 8% (3/38) 60. Although one should be cautious of 
over interpretation of the relatively small numbers in these studies, 
human monopronuclear zygotes could have a decreased develop-
mental potential. The mouse study on bi-parental monopronuclear 
zygotes indicated that negative effects of a pronuclear fusion in the 
zygote are limited. No changes in in vitro blastocyst development 
were observed. Also, most offspring derived from mouse monopro-
nuclear zygotes were healthy and fertile 89.
Pertinent for clinical practice is the question of a disturbing interac-
tion between paternal and maternal chromatin within one nuclear 
envelope. For mouse zygotes it has been shown that some proteins, 
in this case implicated in chromosome condensation, are specifically 
targeted to the female PN 97. The fusion of the parental PN could 
potentially disrupt such parent specific mechanisms in the zygote. 
However, an indication for origin specific chromatin condensation 
in G2 was also obtained for the human monopronuclear zygotes 
(Fig 3c). In chromosome spreads of monopronulear mouse zygotes, 
trimethylated histone H4 lysine 20 was absent from paternal chro-
mosomes as is the case in normal fertilization (Fig 1h; 78). Centric 
heterochromatin domains are intimately apposed around the nu-
cleolus precursor body at interphase 98. This indicates that for this 
modification, fusion of the PNs does not lead to an apparent change 
in localisation of parent of origin specific chromatin marks. The dif-
ference in background of male and female zygotic chromatin maybe 
large enough to ensure their identities, even when present within 
one nuclear envelope.
Although this study has demonstrated that monopronuclear zygotes 
originated after conventional IVF are indeed fertilized, more re-
search into their epigenetic status is needed to determine whether 
these embryos are suitable for transfer. 
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Summarized findings
1.
The sex chromosomes undergo extensive nucleosome replacement 
during male meiosis, which eventually results in the sole presence 
of histone H3.3 as H3 variant and facilitates the resetting of histone 
modifications in the sex chromatin. This nucleosome replacement 
is a reaction to unsynapsed chromatin present during pachytene and 
therefore a feature of MSCI and MSUC. The biological significance 
of this in scale unprecedented chromatin mobility is likely a role in 
MSCI which is a prerequisite for normal spermiogenesis (Section 
2.1).
2.
Sperm nucleosomal chromatin is transmitted and contributes to pa-
ternal chromatin in mouse and human zygotes. In mouse sperm, 
nucleosomal chromatin that carries histone H4K8ac and H4K12ac, 
is enriched in the constitutive heterochromatin. Since human sperm 
retains a large fraction of nucleosomal chromatin, there is the po-
tential of epigenetic paternal programs. This aspect may well be en-
hanced in ART as chromatin remodeling problems during spermio-
genesis are more manifest among in- and subfertile males (Section 
2.2, 2.3).
3.
Protamines are shed from sperm DNA prior to chromatin decon-
densation after gamete fusion (Section 2.4).
4.
In the early zygote the paternal chromatin is characterized by the 
presence of histone H3.3, as sole H3 variant, and absence of most 
histone lysine methyl modifications. The H3 asymmetry is partly 
reduced during S-phase, when histone H3.1 and H3.2 are deposited 
(Section 2.4).
5.
Histone 3 and 4 N-tail methyl posttranslational modifications are 
strikingly different between male and female G1 pronuclei. Male 
chromatin only shows the H3K4 - and H4K20 monomethylated 
states (Section 2.4).
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6.
Prior to formation of the pronucleus in recondensing chromatin, 
the paternal chromosomes are characterized by histone modifica-
tions that play a role in DNA repair (H2AX-S139ph), chromatin 
condensation (H3S10ph) and, presumably, DNA-histone interaction 
(H3ac H4ac) (Section 2.2, 2.4, 3.1).
7.
The evolutionary conserved DSB signaling mechanism, operat-
ing via histone H2AX phosphorylation at serine 139, is functional 
throughout the zygotic cell cycle and already active during chroma-
tin remodeling of sperm chromatin (Section 3.1, 3.2).
8.
The number of γH2AX foci in recondensing male chromatin, ap-
proximately 80 minutes post gamete fusion, shows a dose-response 
relation with the amount of irradiation induced DSBs in sperm 
(Section 3.1).
9.
The ooplasm influences both the spontaneous and IR induced level 
of γH2AX foci in recondensing male chromatin (Section 3.1, 3.2), a 
rise is mainly observed in a DNA-PKcs hypomorphic background. 
10.
In scid oocytes, transient paternal DNA breaks that are not detected 
by PIKK family members ATM and ATR, are converted into full-
blown γH2AX positive DSBs, implicating a role for DNA.PKcs in 
paternal chromatin remodeling (Section 3.2).
11.
γH2AX foci in recondensing male chromatin predict the number of 
chromosome type abnormalities at first cleavage division in NHEJ 
proficient strains (Section 3.2).
12.
Zygotic DNA repair analyzed by γH2AX foci kinetics is similar 
to that of somatic cells for both NHEJ pro- and deficient zygotes. 
Kinetic analysis of γH2AX foci after Etoposide or Bleomycin treat-
Section 5324
ment suggests a difference in repair proficiency between male and 
female derived chromatin during early G1 (Section 3.1, 3.2).
13.
The male pronucleus during late G1 shows a proclivity for spon-
taneous DSB formation, especially in a DNA-PKcs hypomorphic 
background (Section 3.2).
14.
The interplay between NHEJ and HR during repair of DSBs, as 
described in somatic cells, also exists in the zygote. At chromatin 
remodeling and progression through G1, NHEJ plays an important 
role. During S-phase, a preference for HR mediated repair of IR 
induced DSBs might exist (Section 3.2).
15.
Active HR is demonstrated by the formation of ionizing radiation 
induced foci that harbor HR related repair factors such as Rad51 
and Brca1 and by the fact that HR deficient zygotes are extremely 
sensitive to genotoxic compounds interfering with DNA replica-
tion, possibly indicating an increased sensitivity for replication fork 
stalling and/or demise at the onset of embryonic life (Section 3.2).
16.
Unresolved DNA damage can be visualized as γH2AX foci in chro-
mosomes at the first cleavage division and usually is not associated 
with a chromosome abnormality. By all evidence, these zygotes will 
progress further into pre-implantation development (Section 3.2).
17.
Genetic instability of expanded simple tandem repeats (ESTR) later 
in development is induced by irradiated sperm as evidenced by an 
increased mutation rate in sperm and bone marrow (Section 3.3).
18.
An altered NHEJ activity in the ooplasm by the scid DNA-PKcs 
allele reduces induced ESTR instability to close to zero (Section 
3.3), via an unknown mechanism. This might be due to the inter-
play of DSB repair pathways in the zygote, a reduced NHEJ activ-
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ity demands higher HR activity (Section 3.2). Arguably an altered 
balance between NHEJ and HR leads to enhanced homologous re-
combination.
19.
As ESTR mutations occur as a delayed radiation response, the ab-
sence of it after a “maternal effect” reduction in NHEJ (by scid), 
would suggest a more permanent upregulation of HR in this par-
ticular genetic background in which the paternal DNA.PK allele is 
the BALB/c hypomorph (Section 3.3).
20.
In the HIGH assay (for heterologous ICSI and γH2AX assay) heter-
ologous insemination is combined with the most sensitive form of 
DSB detection currently known. It allows detection and quantifica-
tion of such lesions after chromatin remodeling in human sperm 
nuclei (Section 4.1).
21.
Using this assay on 5 probands, the frequency of DSB was not dif-
ferent between normozoospermic and oligo- astheno- teratozoo-
spermic (OAT) men. However, the incidence of affected sperm was 
higher in the subfertiles (Section 4.1).
22.
The use of ejaculated immotile sperm for artificial reproduction is 
highly debatable as approximately 70% show DNA degradation at 
chromatin remodeling with the HIGH assay (Section 4.1).
23.
Injection of immotile sperm resulting in aberrant male γH2AX 
staining, showed an all-over γH2AX reaction in the female chromo-
some complement in 70% (10/14) of the cases, possibly indicating 
early cross-talk between male and female chromatin upon sperm 
entry (Section 4.1).
24.
The single pronucleus of monopronuclear zygotes obtained after 
IVF is predominantly due to fusion of the two parental chromatin 
Section 5326
domains. When obtained after ICSI the pronucleus more likely only 
contains maternal or paternal chromatin (Section 4.2).
25.
At a comparable incidence to human IVF, biparental monopronu-
clear zygotes are also found in mouse IVF, where a genetic compo-
nent was discovered, raising the incidence in the C.B17 strain (Sec-
tion 4.2).
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Transmission of chromatin 
In section 2.2 and 2.3 we show that sperm derived nucleosomal 
chromatin contributes to the zygotic paternal chromatin. Potentially, 
the transmission of DNA in a nucleosomal conformation affects the 
transcriptional activity of these sequences in the early embryo. This 
brings the question whether an increased amount of nucleosomes 
in sperm could have negative effects on embryonic development. In 
round spermatids, protamination has not yet started and the DNA 
is solely packed in nucleosomes. The practice of round spermatid 
nucleus injection (ROSNI) is therefore the most extreme case utiliz-
ing male gametes with a shifted nucleosome/protamine ratio for ob-
taining offspring via reproductive techniques. At present, in depth 
studies on the effects of ROSNI on embryonic development are 
predominantly carried out in mice. Analysis of a subset of genes has 
demonstrated that the expression profile of certain genes is altered 
in embryos generated via ROSNI1, 2. In addition, a clear disruption 
of the demethylation of the paternal DNA that occurs in the zy-
gote, was observed3, 4. Both these aberrations are likely caused by the 
transmission of paternal DNA in a nucleosomal conformation (as 
discussed in section 2.2), but do these effects also occur when the 
distortion of the nucleosome/protamine ratio is less severe? Again 
data obtained in the mouse showed that after injection of elongated 
spermatids, the distortion of paternal DNA methylation removal is 
apparent, however less severe3. This does not exclude the possibility 
of a physiological effect in subsequent embryonic development.
In section 2.4 we have studied whether a specific category of his-
tone modifications (histone lysine methylation) are transmitted via 
mouse sperm. These modifications are powerful regulators of tran-
scription. We did not find transmission of such marks but more 
sensitive techniques should be employed to obtain a definite answer. 
If the increased presence of nucleosomes in sperm, however, results 
in the transmission of such modifications we now know that they 
will contribute to the paternal zygotic chromatin. Further research 
will have to establish whether this has potential detrimental conse-
quences for embryonic development but also for onset of disease 
later in life.
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DNA repair in the zygote
DNA damage arises in many different cell types at various moments 
of the cell cycle and may result in lasting mutations. When viewing 
the cycle of life, mutations that occur shortly after gamete fusion de-
serve special attention as these are fixed in the germline and passed 
on to future generations when present in cells forming the inner cell 
mass of the blastocyst. Considering that de novo translocations are 
often of male descent 5, several findings of our studies shed a new 
light on the paternal contribution to heritable chromosome muta-
tions:
i) DSBs arise during post fusion chromatin remodeling and are el-
evated 35-150 fold (depending on ooplasm genotype) compared 
to the number of spontaneous DSBs in somatic G1 cells as mea-
sured by γH2AX foci (Section 3.1, 3.2).
ii) DSBs found in recondensed male chromatin are more likely to 
convert to lasting chromosome type abnormalities (Section 
3.2).
iii) Depending on the ooplasm, male pronuclei show spontaneous 
break induction before S-phase, possibly related to DNA de-
methylation (Section 3.2).
iv) Unresolved DSBs found at first cleavage division are more often 
of male descend (Section 3.2).
v) DNA replication is easily hampered in the absence of homolo-
gous recombination repair and prone to the induction of chro-
mosome rearrangements in the male PN after genotoxic treat-
ment (Section 3.2).
vi) Unresolved DSBs labeled by Rad51 at end S-phase after DSB in-
duction at onset of S-phase are more numerous in the male pro-
nucleus, especially in repair hampered zygotes (Section 3.2).
Repair deficiencies have a greater impact on the male pronucleus, 
indicative for a more demanding nature of the male complement 
during S-phase with regard to DNA repair.
Sperm populations from infertile patients have an increased num-
ber of DNA damaged sperm6-8. Sperm selection singles out sperm 
with little DNA damage 9, however an increased incidence of DSBs 
at chromatin remodeling after gamete fusion was found in selected 
sperm derived from OAT patients (Section 4.1). This increase can 
not account for the effects of OAT semen on preimplantation de-
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velopment that have been described (Section 4.1). However, this 
does not eliminate the fact that an increase in de novo chromosome 
abnormalities after ICSI has been reported 10.
Zygote development adheres to a strict timing and the onset of first 
mitotic cleavage has predictive values for the developmental compe-
tence of the embryo and pregnancy rate 11, 12. The analysis of zygotes 
derived from HR defective oocytes has shown that this repair path-
way plays a major role during DNA replication (Section 3.2) and 
might be considered the Achilles heel of the zygote. We postulate 
that prolongation of the first cell cycle occurs when DNA replica-
tion is hampered. Reciprocal quadrivalent chromosome aberrations 
(the so-called quadriradials) are formed during S-phase in the male 
pronucleus and will segregate at first mitotic cleavage, producing 
blastomeres with a reciprocal translocation (among normal and un-
balanced complements). Hence, the contribution of the zygotic S-
phase to male derived chromosome abnormalities should be recon-
sidered.
Extending on this, a lot of effort has been put recently into the 
assessment of risk factors in cancer predisposition. Several single 
nucleotide polymorphisms (SNPs) for HR genes, associated with an 
increased likelihood for certain types of cancer, have been described 
13-21. Human preimplantation embryos start transcription at the 4- to 
8-cell stage22 and are likely susceptible to a similar maternal effect 
on DNA repair as described in mouse (Section 3.2). The effects 
of hypomorphic SNPs for vital repair genes in oocytes might pose 
a risk in IVF that needs to be addressed, especially in combination 
with gametes from infertile men which have an intrinsic increase in 
DNA damage.
Present-day assays for measuring sperm DNA damage are multifari-
ous and several, like TUNEL and SCSA, are very suitable for rou-
tine analysis which has made them widely used in clinical practice 
(BOX 2, Section 1). Most of these techniques however, have one or 
several of the following downsides:
i) indirect measurement with an arbitrary output
ii) output based on population of cells
iii) insensitive, only measuring non-physiological amounts of DNA 
damage
iv) artificial measurement outside of biological context
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For a better understanding of the molecular phenomena underlying 
infertility, more accurate techniques need to be applied. In relation 
to chromatin structure, electron microscopy is a good example23 
that could be used more often in combination with in situ detection 
techniques.
Assays based on heterologous insemination provide means to mim-
ic biological context and enable analysis of sperm chromosomes at 
the first cleavage division 24, 25. The HIGH assay (Section 4.1) in-
troduces new options for analysis of human sperm by heterologous 
insemination, several advantages being:
i) processing of sperm after gamete fusion similar to normal fer-
tilization
ii) direct measurement of DSBs
iii) quantitative analysis of DSBs with high sensitivity (down to 1 
break per nucleus)
iv) sensitive for alterations in chromatin remodeling
v) high reactivity towards aberrant sperm nuclei
The main disadvantage is the need for mouse ICSI which is known 
for being labor intensive and difficult to perform 26 due to the sen-
sitivity of the mouse oocyte for membrane rupture. Regarding the 
special qualities of the HIGH assay, several points can be discussed 
in the light of future research and clinical application.
The HIGH assay measures two types of DSBs, those already pres-
ent in the mature sperm before gamete fusion (Section 3.1, 3.2) 
and those arising during male chromatin remodeling (Section 3.1, 
3.2). The ooplasm influences the number of DSBs detected (Sec-
tion 3.2). Oocytes with a DNA-PKcs hypomorph are likely more 
sensitive for DNA damage that negatively influences chromatin re-
modeling resulting in DSBs (Section 3.2). Using such, scid oocytes, 
the HIGH assay may become an even more sensitive assay. Alterna-
tively, a combination of HR defective mRad54-/-mRad54B-/- oocytes 
and the analysis of residual DSBs (and possible PN stalling) at first 
mitotic cleavage (Section 3.2) with the HIGH assay could open up 
opportunities for the analysis of paternal effects on replication de-
lay. Finally, combining classic cytogenetic analysis of human sperm 
after heterologous ICSI25 in the oocyte strain of choice with the 
HIGH read-out (in the same oocyte background) could result in a 
regression curve for estimating chromosome abnormalities (Sec-
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tion 3.2). The delicate mouse ICSI procedure is restricted to oo-
cytes from specific genetic backgrounds, thus mouse strains suitable 
for this purpose will have to be specifically bred. A possible route 
to circumvent this problem is the use of inhibitors of DNA repair 
enzymes, like the DNA-PKcs inhibitor NU7026 
27.
The etiology of the aberrant γH2AX patterns in immotile human 
sperm used for the HIGH assay is likely due to high amounts of 
DNA damage from Topoisomerase IIB and an epididymal factor 
28-30 (Section 4.1). Using sperm derived from HR6B-/- mice in the 
HIGH assay, 100% abnormal γH2AX staining and fragmentation 
of chromatin at nuclear remodeling was found (31/31 cells) (unpub-
lished data in collaboration with Dr WM Baarends, department of 
Reproduction and Development, Erasmus University Medical Cen-
tre). HR6B+/- sperm showed no such reaction (13/13 cells). HR6B-
/- mice have a marked but variable reduction of testis weight and 
sharply reduced sperm counts. Defective spermiogenesis during the 
elongation stage results in asthenozoo- and teratozoospermia with 
over 90% of mature sperm showing an abnormal head morphol-
ogy 31. Further evidence that the HIGH assay is sensitive for sperm 
chromatin alterations comes from ICSI using sperm from the fully 
fertile T(1;13)70H homozygous translocation mouse (Figure 1).
Figure 1 H(omologous)IGH assay sensitive to sperm chromatin as-
pects γH2AX foci at chromatin remodeling after fusion of gametes from 
indicated strains. In ICSI morphologically normal, progressively motile 
sperm were used. Foci average and (number of zygotes) are indicated. *** 
p<0.001 to all other groups.
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Untreated sperm from two different backgrounds (CBA/B6 or 
C57Bl/6, HR6B+/-) fused with three different oocyte genotypes re-
sulted in similar amounts of γH2AX positive DSBs. The homo-
zygous T70H mouse had an increase that surpassed the level of 
γH2AX foci found after fusion of 4 Gy irradiated CBA/B6 sperm 
with B6/CBA oocytes (Section 3.1). Although the origin of this 
aberrant γH2AX foci level is presently unknown and more research 
is needed, it implies that the HIGH assay also measures transient 
DSBs that seemingly leave fertility unaffected. These findings un-
derline the context sensitive nature of the HIGH assay, setting it 
apart from all currently used assays. Clinical questions on human 
sperm chromatin and DNA quality in need for highly sensitive 
“proof of principle” experiments could benefit from the HIGH as-
say. The use of oral antioxidant intake in the reduction of sperm 
DNA damage serves as a good example 32.
If we think about the ESTR mutation rate as a secondary effect that 
merely visualizes an alteration of DNA metabolism, the implica-
tions of transgenerational ESTR instability are far-reaching. First 
of all, an acquired ESTR instability will influence the affected gen-
eration and those to come. Second, if the altered DNA metabolism 
also has a bearing on global changes in gene expression, even more 
cellular processes can be subtly affected. Third, a global alteration in 
DNA metabolism relates to a variable degree of cancer predisposi-
tion. The understanding of epigenetic forms of cancer is dawning 33. 
Here we found an increase in ESTR mutation rate after sperm ion-
izing radiation. ESTR instability is also induced by certain chemical 
compounds. Hence, it would be intriguing to test whether sperm 
with an intrinsic increase in DNA damage, i.e. by hampered sper-
miogenesis, in possible interaction with a long sojourn in the epidid-
ymis, increases ESTR mutation rate. If the outcome of this thought 
experiment would show an increase in ESTR mutation rate, the risk 
of using gametes from sparse semen samples should be revisited.
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Nederlandse samenvatting
In Nederland werd in 2005 ongeveer 1 op de 40 kinderen via kunst-
matige bevruchting verwekt. De belangrijkste reden om in vitro be-
vruchting toe te passen ligt voor de hand: infertiliteit voorkomt (en 
subfertiliteit bemoeilijkt) natuurlijke bevruchting. De oorzaken van 
sub- en infertiliteit zijn talrijk en kunnen zowel afkomstig zijn van 
de man, de vrouw of beide. Bij onderzoek is gevonden dat zaadcel-
len van mannen die sub- of infertiel zijn een verhoogd niveau van 
DNA beschadigingen hebben en dikwijls een afwijkende chroma-
tine configuratie laten zien (het totaal van eiwitten en DNA waaruit 
een chromosoom bestaat heet chromatine). De consequenties van 
het gebruik van dit zaad voor het embryo en het nageslacht van dit 
embryo wanneer het volwassen is, zijn onduidelijk. De beantwoor-
ding van deze vraag wordt pas mogelijk wanneer er meer kennis is 
van de biologie van chromatine en DNA herstel in de vroege em-
bryonale stadia. Het onderzoek beschreven in deze dissertatie heeft 
als doel om meer inzicht te krijgen in processen die zich afspelen 
nadat de zaadcel is versmolten met de eicel. De aandacht richtte zich 
vooral op chromatine veranderingen en herstel van dubbel strengs 
DNA breuken in de genetische bijdrage van de vader.
Chromatine veranderingen treden op tijdens de spermatogenese 
(het proces van zaadcel vorming) en in de zygote (het “1-cellig em-
bryo”). Het hier beschreven onderzoek heeft geleid tot nieuwe in-
zichten in dit omvangrijke gebied.
Tevens is gekeken hoe en wanneer dubbel strengs DNA breuken in 
de zygote worden gerepareerd en wat deze breuken betekenen voor 
de genetische stabiliteit van het nageslacht van zygotes voortgeko-
men uit sperma met door ionizerende straling beschadigd DNA. 
Tijdens het onderzoek is grotendeels gebruik gemaakt van de muis 
als model systeem. In een aantal gevallen zijn humane zaadcellen en 
afwijkende embryo’s, ongeschikt voor humane voortplanting, be-
nut.
335
Hieronder volgt een puntsgewijze opsomming van de belangrijkste 
bevindingen van dit onderzoek.
1.
De geslachtschromosomen vervangen hun nucleosomen tijdens de 
mannelijke meiose. Nucleosomen zijn de basisstructuren die het 
DNA in de kern verpakken en die een rol spelen bij het “aan of uit 
zetten” van genen. Ze zijn een belangrijk onderdeel van het chro-
matine. De vervanging resulteert uiteindelijk in een unieke verpak-
king gekenmerkt door nucleosomen met alleen histon H3.3. Door 
dit proces worden histon modificaties (chemische wijzigingen van 
nucleosomen, betrokken bij het “aan of uit zetten” van genen) in het 
sex chromatine gewijzigd. De chromatineverandering, die op deze 
schaal nog niet bekend was, speelt waarschijnlijk ook een rol bij een 
tijdelijke stillegging van de genactiviteit van de geslachtschromoso-
men. Dit proces is noodzakelijk voor het normale verloop van de 
spermatogenese (Sectie 2.1).
2.
Het meeste DNA van de zaadcel is verpakt door middel van prota-
mine eiwitten, die in de zygote weer verdwijnen. De zaadcel brengt 
echter ook DNA verpakt in nucleosomaal chromatine over naar de 
zygote. De nucleosomen worden niet vervangen en dragen bij aan 
het paternale chromatine van zowel mens als muis. Omdat humane 
zaadcellen in tegenstelling tot de muis een significante hoeveelheid 
nucleosomaal chromatine mee brengen, en de histonen door mo-
dificaties (zie boven) boodschappen voor gebruik van genen kun-
nen bevatten, bestaat de mogelijkheid dat dit de ontwikkeling van 
het vroege (preimplantatie) embryo beinvloedt. Dit aspect kan ver-
sterkt zijn bij gebruik van zaadcellen van sub- of infertiele mannen 
voor kunstmatige voortplanting, omdat tijdens de zaadcelvorming 
bij deze mannen de vervanging van nucleosomen door protamines 
minder volledig is (Sectie 2.2, 2.3).
3.
In het 1-cellige embryo onderscheidt het chromatine van de vader 
zich van dat van de moeder door de aanwezigheid van histon H3.3 
als nagenoeg enige H3 variant en de afwezigheid van de meeste his-
ton lysine modificaties. Wanneer het DNA wordt verdubbeld veran-
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dert deze situatie (Sectie 2.4).
4.
De speciale nucleosoom-bouwsteen histon H2AX ondergaat een 
chemische verandering (aangegeven met γH2AX) als de DNA ke-
ten (de dubbele helix) breekt. Zo “weet” de cel waar reparatie plaats 
moet vinden. Dit in de evolutie geconserveerde principe is ook ac-
tief in het 1-cellige embryo, zelfs al zeer kort na het samensmelten 
van zaadcel en eicel (Sectie 3.1, 3.2).
5.
Door γH2AX signalen in de kern van de zaadcel zo’n 80 minuten na 
het begin van de bevruchting te tellen, kan het aantal dubbel strengs 
DNA breuken in het sperma worden bepaald. Deze breuken waren 
deels al voor de bevruchting aanwezig en zijn deels ontstaan tijdens 
de chromatine verandering, van protamine naar nucleosomen  kort 
na de versmelting van zaadcel en eicel (Sectie 3.1).
6.
Het 1-cellig embryo is voor alle noodzakelijke processen die het moet 
volbrengen aangewezen op factoren in de eicel. De eicel beïnvloedt 
de hoeveelheid γH2AX signalen kort na bevruchting en stuurt het 
herstel van DNA breuken in het 1-cellige embryo (Sectie 3.1, 3.2).
7.
De γH2AX signalen in de kern van de zaadcel kort na bevruchting, 
voorspellen het ontstaan van chromosoom afwijkingen die worden 
doorgegeven aan het 2-cellige embryo (Sectie 3.2).
8.
Het herstel van DNA breuken in sperma wordt voltrokken door 
factoren opgeslagen in de eicel. Twee belangrijke herstelprocessen 
die gericht zijn op dubbel strengs DNA breuken, en die bekend zijn 
van lichaamscellen, zijn ook in de zygote actief. De beide processen 
vervullen ieder hun rol in verschillende trajecten van de ontwikke-
ling van het 1-cellige embryo (Sectie 3.2).
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9.
De genetische stabiliteit van een bepaald stuk DNA, met de struc-
tuur van een veelvuldig herhaald simpel basismotief (een zogeheten 
“ESTR”), is verstoord in nageslacht uit bestraald sperma (Sectie 
3.3).
10.
Door de ontwikkeling van de HIGH-meting, voor heterologe ICSI 
en gamma-H2AX (γH2AX), is een zeer gevoelige bepaling van het 
aantal dubbel strengs DNA breuken in humaan sperma mogelijk 
(Sectie 4.1).
11.
De HIGH-meting is gebruikt voor de vergelijking van de hoeveel-
heid dubbel strengs DNA breuken in sperma van een klein aantal 
fertiele en subfertiele mannen. Er was geen verschil in de gemid-
delde hoeveelheid breuken per zaadcelkern. De fractie cellen met 
tenminste 1 een dubbel strengs DNA breuk was echter verhoogd in 
de subfertiele mannen (Sectie 4.1). 
12.
De HIGH-meting toonde aan dat onbeweeglijk sperma in 70% van 
de gevallen direct in de eicel uiteenvalt door de hoge mate van DNA 
schade dat het bij zich draagt (Sectie 4.1).
13.
Het 1-cellige embryo kenmerkt zich door het bezit van 2 kernen, 
een van vader en een van moeder. Bij IVF worden echter ook 1-cel-
lige embryo’s aangetroffen met maar 1 kern. Deze 1-kernige em-
bryo’s ontstaan doordat het chromatine van de vader en de moeder 
vroegtijdig samensmelten. Bij 1-kernige embryo’s na ICSI is deze of 
van de vader of van de moeder afkomstig (Sectie 4.2).
14.
Het aantal 1-kernige 1-cellige embryo’s bij muis IVF is vergelijkbaar 
met dat gevonden bij mens. In de muis zijn er aanwijzingen voor 
een genetische factor bij het ontstaan van dit soort embryo’s (Sectie 
4.2).
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Carnegie Institute of Embryology, to continue research on the germ line and 
pre-implantation development.
 Godfried Willibrord van der Heijden werd op 9 mei 1977 te Geldrop gebo-
ren. Van 1989 tot 1996 zat hij op de Philips van Horne Scholengemeenschap 
in Weert en doorliep daar achtereenvolgens de HAVO en het VWO. Na het 
behalen van dit laatste diploma begon hij de studie Bioprocestechnologie aan 
de Wageningen Universiteit. Tijdens zijn studie koos hij voor de cellulaire/mo-
leculaire specialisatie. Drie onderzoeks stages, in Wageningen, Boston en 
Nijmegen, maakten deel uit van deze specialisatie. Het onderzoek in Wagenin-
gen stond onder begeleiding van dr. Peter de Boer en had als doel een manier te 
vinden om premature chromosoom condensatie te induceren na muis ICSI. In 
het laboratorium van dr. David Page, op het Massachusetts Institute of Tech-
nology in Boston, bestudeerde hij onder begeleiding van dr. Jeremy Wang de 
evolutie snelheid van genen die specifiek in de testis tot expressie komen en 
de functie van een dergelijk gen. De derde onderzoeksstage vond plaats op de 
afdeling Verloskunde en Gynaecologie aan het Medisch Centrum van de Rad-
boud Universiteit Nijmegen, wederom onder begeleiding van dr. Peter de Boer. 
Dit onderzoek mondde uiteindelijk uit in zijn junior-onderzoeker project met 
als focus de vererving van histonen en hun modificaties en zygotisch herstel 
van dubbelstrengs DNA breuken. De resultaten van dit project, dat is 
uitgevoerd in samenwerking met Alwin Derijck, zijn beschreven in dit proef-
schrift. In April 2007 verhuisde hij naar Baltimore in de Verenigde Staten en 
voegde hij zich bij de onderzoeksgroep van dr. Alex Bortvin op het Carnegie 
Institute. Hier zet hij zijn onderzoek aan de kiembaan en pre-implantatie em-
bryogenese voort.
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 Om en nabij 6 jaar geleden initieerde de pijler voortplantingsgeneeskunde 
fundamenteel onderzoek naar de zygote. In het kader hiervan werden twee AIO pro-
jecten opgestart. Met de afronding van dit proefschrift komt er een eind aan deze 
projecten. Wij, de twee desbetreffende AIOs, hebben voor ons promotie-onderzoek 
zeer intensief samengewerkt. Daarom hebben we besloten er een dubbelpromotie van 
te maken. Ongebruikelijk, maar in ons geval eigenlijk vanzelfsprekend. Tijdens de vijf 
jaar die verstreek tussen het eerste experiment en de laatste printopdracht zijn er veel 
mensen intensief, zijdelings of rakelings, betrokken geweest bij het hier beschreven 
onderzoek.
Peter, als kapitein van ons onderzoeksbootje heb je ons de vrijheid gegeven om over-
stag te gaan wanneer we dat zeer graag wilden. Drieste ideeën mochten vaak getest 
worden en onverwachte bevindingen verkend. Maar altijd heb je het uiteindelijke doel 
in het vizier gehouden en gezorgd dat we daar aankwamen. Hoe moeilijk dat is wordt 
pas duidelijk als de trossen gelegd zijn en de lading gelost is. Hartelijk bedankt.
Jan, ook al lag ons onderzoeksgebied veelal ver van de kliniek en patiënt, je bleef altijd 
enthousiast, geïnteresseerd en kritisch. Dank hiervoor.
De soms wat bovenmatige zucht naar data werd veraangenaamd en vermenselijkt 
door Maud Giele en Liliana Ramos. Maud, je bent er zowat vanaf het begin bij ge-
weest. Dank voor al het werk dat je hebt verzet en de verlevendiging. Liliana, dank 
voor de goede samenwerking, de gezellige diners bij je thuis en de koffie momenten 
bij de cilinder. Dank ook voor het opfleuren van het AIO bestaan met verhalen uit de 
wereldse kliniek.
Zoals te zien is aan alle namen boven de secties is er veel samengewerkt met mensen 
uit andere groepen. Esther Baart en Ilse van de Berg, Eszter Posfai en Antoine Peters, 
dank hiervoor. Marielle Phillipens, zonder jouw steun en toewijding was dit proef-
schrift de helft dunner geweest. Vele avonden was ik (Alwin) al wandelend door de ca-
tacomben van het Radboud met een obscuur verhulde bak op weg naar jouw domein 
bij Radiotherapie waar jij me immer enthousiast begroette. Voor de vele vrijwillige 
uren zijn wij je zeer dankbaar. Lars van Bolderen, als complementerend steunpilaar 
van de afdeling Radiotherapie was jouw bijdrage onmisbaar. We also would like to 
thank Professor Yuri Dubrova and Timothy Hatch for their fruitful collaboration. 
Frank Wagener, de samenwerking was minder vruchtbaar dan we hadden gehoopt, 
maar in ieder geval zeer prettig, bedankt. Een zeer waardevolle en intensieve samen-
werking is ontstaan met het Laboratorium Nierziekten. Zonder Jürgen Dieker maar 
vooral Johan van der Vlag was het een geheel ander proefschrift geworden. Bedankt!
In het bijzonder willen wij professor Bé Wieringa en professor Henk Stunnenberg 
bedanken. Het onbaatzuchtig openstellen van jullie onderzoeksgroepen (en voorraad 
antilichamen) was onmisbaar voor het slagen van dit project. Veel tijd hebben we 
doorgebracht met de mensen van deze afdelingen, hoewel we feitelijk buitenstaanders 
waren, hebben we ons er altijd thuis gevoeld. Nu kan er een lange lijst van namen ko-
men maar dat is een uitnodiging tot onvolledigheid. Daarom, iedereen van de 6de (ook 
afdeling Moleculaire Dierfysiologie) en de 3de, hartelijk dank.
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Toch nog even uitlichten: Huib Croes en Jack Fransen, altijd bereid om “onze” mi-
croscoop weer haarscherp af te stellen. Rick Wansink voor het naar een taalkundig 
hoger plan tillen van enkele van onze manuscripten. We herinneren ons Wilma Peters 
en voelen haar afwezigheid.
Henk Jongsma, hartelijk dank voor het ontwikkelen van de onmisbare “mouse data-
base”. Anneke Punt, dank voor de adviezen omtrent muis IVF bij de aanvang van ons 
project. Iedereen van het klinische lab van voortplantingsgeneeskunde, waar de cake 
altijd werd gedeeld, bedankt.
De radertjes van onze soepel lopende machine zouden krakend tot stilstand zijn geko-
men zonder de hulp van Emiel Lindeman. Dank voor je ondersteuning bij het op peil 
houden van onze voorraden.
In de beginjaren passeerden enkele studenten de revue die ieder hun sporen hebben 
nagelaten. In chronologische volgorde: Christian Boschker, Debby Melissen, Noortje 
Bax, Sabine de Brouwer en Casandra van Bavel. Dank voor jullie medewerking en 
uithoudingsvermogen. 
Wilma Janssen en Connie Verbaas, de eerste jaren in het pijpenla-lab waren wat krap, 
maar dankzij jullie inschikkelijkheid werkte het. Onze dank hiervoor. 
Veel muizen zijn verwerkt in dit proefschrift. Hun verzorging was in professionele en 
behulpzame handen van de mensen werkzaam in het CDL. Hartelijk dank hiervoor.
Het werken met zygotes is verre van praktisch. Om de gewenste proeven mogelijk te 
maken was een “custom made” CO2 stoof noodzakelijk. Jos Evers en Theo Arnoldus-
sen, bedankt. Zonder jullie hulp was onze “diamant” er nooit gekomen.
Als “ICT-manager” van de “de Boer groep” (Alwin), was het dirigeren van onze 
datastromen een taaie klus geworden zonder de hulp van Wim Abma, Benny Hen-
driks en Marcus Hendriks. Bedankt.
Dankwoord Alwin
Edwin Commandeur, je snelle “on demand” hulp met statistische vragen was fenom-
enaal. Je motiverende persoonlijkheid wist me soepel te houden tijdens Capoeira, en 
bovendien positief. Obrigado!
Aan alle betrokken familieleden en vrienden en in het bijzonder pap en mam, be-
dankt.
Als er iemand is wie me met name in het laatste traject van deze onderneming er 
doorheen heeft weten te slepen, dan kan dat maar een persoon zijn. Ilse, ik dank je 
voor je unieke steun.
Dankwoord Godfried
De afgelopen jaren lieten familie en vrienden mij steevast realiseren dat er wel degelijk 
meer was dan Histone H3.3 en dergelijke. Vader, moeder, broers, zussen, neefjes & 
nichtjes maar zeker ook vrienden, bedankt. 
Querida linda Adrianita, que suerte hayas venido a Holanda. Gracias por todo lo que 
has hecao para mi estos años y por nuestra bonita amistad.
Dragi Ozrene, Bilo mi je jako drago kad si do šao u Bottendaal. Hvala ti za sva dobra 
sjećanja i za tvoje prijateljstvo. Rock on.
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